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Preface

This study was realized as an industrial Ph.D. scheme; a collaboration between NTNU
(Norwegian University of Science and Technology) and Jotne EPM Technology AS, and
partly funded by NFR (The Research Council of Norway). Terje Rølvåg as the main su-
pervisor from NTNU, and Jochen Haenisch as the main supervisor from Jotne. The work
was performed over the course of 3.5 years; one year at the Department of Mechanical
and Industrial Engineering at NTNU, and the remaining at Jotne’s offices.

Three academic papers were written during the study; one published, one under review,
and one submitted. These are included in an appendix of this document.

The thesis consists of an introduction, relevant background information for the attached
papers, including details on how this work was used and implemented in Jotne’s projects
and software.
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Abstract

The objective of this thesis was to improve the effectiveness of data management of
physical test and simulation data, in the context of digital twins, PDM (Product Data
Management)/PLM (Product Lifecycle Management) and SDM (Simulation Data Man-
agement).

Many different software applications, from different vendors are used for simulation,
CAD (Computer Aided Design), PDM/PLM and other engineering activities. Most of
them use different data storage formats and methods that are customized for the specific
use of their application.

How can the lack of data interoperability among collaborating engineering applications
be solved? Within and across companies sharing of data, for example, for creating and
maintaining digital twins, becomes cumbersome when different parties use different ap-
plications. Files need to be converted, or tasks need to be re-done, potentially leading
to loss of information. Managing project data becomes difficult, and with data origin-
ating from different sources, stored in different locations and companies, it is tough to
keep track of what is where and in which version. This is especially important for digital
twins, where different domain data need to be accessed by automatic processes.

This thesis addresses this problem specifically for the domains of FEM (Finite Element
Method) and structural testing data. However, the fact that this is part of a larger context
involving multiple other domains, is taken in consideration.

The STEP ISO 10303 standard is highly in focus throughout the study. This standard
contains data models designed to cover as much as possible of the different engineering
domains, across development life cycle stages.

The study shows how this standard can also be applied to represent and manage structural
test data, including its relations to corresponding FEM analyses; this has never been

5



6 ABSTRACT

done before. Implementations using and validating the new concepts were performed in
converter applications and in a SDM tool.

To increase the FEM domain coverage of the standard, certain extensions of the standard
are recommended after having been implemented and validated as part of this thesis. With
these extensions the standard can be used for nonlinear FEM analysis, thus, allowing also
such advanced analysis data to be shared among FEM solvers.



Chapter 1

Introduction

1.1 Industrial Context
Structural testing, analysis and their correlation has always been important when design-
ing complex products and systems. These fields are tightly linked to the idea of a digital
twin. The concept of digital twin, a virtual model of a product or process, has become
increasingly important in many industries [1, 2]. A digital twin should collect all relevant
information of a certain physical product or process, throughout its lifetime. Depending
on the use-case, this would include data from many different domains. There are many
technical aspects of a digital twin, such as, connectivity (IoT; Internet of Things), sensors,
analytics, accessibility, data correlation, etc. This study focuses on the data representa-
tion aspect. Digital twin data need to be collected in a consistent product data model to
enable the harvesting of the digital twin vision.

There exist multiple implementations of digital twins in different contexts, but as a re-
latively newly emerging topic, there are no standards for managing all the data that is
involved. (The importance of standards, and the implications of the absence of standards,
in the context of digital twins are discussed in [1, 3, 4, 5].)

In engineering industries, data management systems are used to keep a consistent and
comprehensive overview of all data related to the development, operation, optimization
loops and data tracing of products. These systems collect data and references to data, in
a repository (in one location or distributed) to facilitate data management. Applications
that handle this are known as PDM (Product Data Management) and PLM (Product Li-
fecycle Management) applications [6]; however, as they are not standard based, they do
not give the industry full control over their own data.

Within engineering data management, there is also Simulation Data Management (SDM)

7



8 Introduction

[7]. While PDM is data management on a higher level, SDM applications handle the
organization of simulation data at a more detailed level [8]. These systems also lack
standards compliance, and users are dependent on the specific tools supported by the
SDM application they use.

In the context of digital twins, PDM, PLM and SDM, interoperability between data ori-
ginating from different applications, from different domains, and across the product’s
entire lifecycle, is necessary to establish a consistent product data model.

Currently, data management applications, used by digital twins or not, handle interoper-
ability by either (or both):

1. Holding references between related data on a file level, for example; a simulation
file is related to a CAD file, or the documentation of a sensor is related to the results
file of a physical test.

2. Holding references between related data on a data object level, for example; an ob-
ject representing a sensor relates to its test result values, and a load case simulating
the test.

The second option though, being more attractive, locks the user to the CAE (Computer
Aided Engineering) applications provided by the vendor of their SDM system, and thus
interoperability between applications is very limited.

The STEP ISO 10303 [9] standard was created as an interoperable (and common) data
model across many engineering domains. It allows to relate engineering data cross-
domain, and is thus very useful not only for domain specific applications, but also for
PLM [10, 11, 12, 13, 14], SDM [15, 16], and digital twin models that span many do-
mains.

The data scope of this thesis applies to the digital twins, for example, for predictive
maintenance where measured data are compared to existing analysis and design data.
The digital twin may derive, from analyzing the comprehensive and integrated data sets,
the need to deviate from planned maintenance procedures. This thesis validates the com-
pleteness of STEP ISO 10303 AP209 [17] data sets for such queries. Other technical
aspects of digital twin use cases, such as, data sample rate, data filtering and analytics,
algorithms, frequency of analyses and comparisons, etc. are independent of this val-
idation of the data availability aspect. The detailed recommendations of this thesis for
AP209 are applicable to a few digital twin use cases; methodology and general conclu-
sions concerning the use of STEP, however, should also be considered for a wider range
of scenarios.
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1.2 Objective
This thesis is a contribution to a critical review of the suitability of STEP ISO 10303 to
capture all engineering information related to structural testing, analysis and their asso-
ciation. Within this wide field, the goal is to establish and validate methods to improve
the effectiveness of simulation and test data management.

The focus of this thesis is mainly on the standard representation of:

• Structural test data, i.e. sensor information, sensor data, and test result data

• FEM (Finite Element Analysis) data

• The relation between the above two items

• All of the items above in the context of SDM applications

The objectives of this thesis in the context of data management, long term archiving, data
interoperability and data traceability are as follows:

O.1 Validate that the ISO STEP 10303 standard may be used for storing, sharing, man-
aging, and correlating design, simulation, and structural test data.

O.2 Identify the obstacles in using ISO STEP 10303 for data management and data
exchange of FEM data.

These objectives are achieved by developing STEP based interoperability solutions among
several commercial FEM and testing applications, and by integrating such data in a STEP
compliant repository.

1.3 Structure of Thesis
Chapter 1 introduces the background and the goals of this study. Since the STEP ISO
10303 standard holds such central part of this thesis, a complete chapter, Chapter 2, is
reserved for introducing and presenting its structure, architecture, and application meth-
ods. Chapter 3 presents some of the applications and projects which have been developed
during the study or involved in the study. Summaries of the author’s published and sub-
mitted academic articles, are discussed in Chapter 4. Finally we conclude the study and
propose future work in Chapter 5.

The authors articles are included in Appendix A and B:

1. A.1 Relating Structural Test and FEA data with STEP AP209 [18]
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• Published in Advances in Engineering Software (Main author)

2. A.2 ISO 10303 AP209 - Why and how to embed nonlinear FEA [19]

• Under review with Advances in Engineering Software (Main author)

3. A.3 Extending STEP AP209 for Nonlinear Finite Element Analysis [20]

• Under review with Advances in Engineering Software (Main author)

4. B.1 Open Simulation Data Management and Testing - The CRYSTAL Project [21]

• Published in NAFEMS World Congress 2017 (Co-author)

An additional Appendix C presents a study which was originally intended as an
article, but due to limitations is here added as an appendix.



Chapter 2

ISO 10303 STEP

2.1 The STEP Standard and Industrial Use
ISO 10303, officially called Industrial automation systems and integration - Product
data representation and exchange, and commonly known as STEP (STandard for the
Exchange of Product model data), is an ISO standard defining data models for the repres-
entation of product, product development, and product usage information. The standard
covers multiple engineering domains, including, but not limited to; PLM, PDM, CAD
(Computer Aided Design), FEA (Finite Element Analysis), and CFD (Computational
Fluid Dynamics).

Most applications use proprietary formats for their data storage. The problems with such
formats are, 1) exchanging data between different systems is not always possible, and 2)
systems may change their storage formats when introducing new versions.

To be freed from proprietary storage formats, the standard provides data models for all
relevant engineering domains. The purpose of the standard is to enable a more seam-
less data integration for applications, both within the same, and across different domains.
Throughout product development steps, multiple applications are used to perform activ-
ities both within the same, and across all steps. A lot of information may overlap across
these activities, and without a common and central data model, consistency becomes
difficult.

Although each domain covered by STEP have their own data models, as will be described
in more details in section 2.2, all models share a common sub-data model, thus enabling
interaoperability between them. Figure 2.1 shows the concept of overlapping domain
data, were PLM is part of each domain.

11



12 ISO 10303 STEP

PLMCAD

CAE CAM

CNC

ILS

Life-cycle

Figure 2.1: Multiple domains have certain overlap. A very central overlap is the PLM informa-
tion.

The data models are written in the EXPRESS [22] language, discussed in 2.2.1, and can
be mapped to any proprietary system that wishes to be STEP compliant.

2.2 Architecture of the STEP Standard
ISO 10303 is a collection of hundreds of documents each describing and defining differ-
ent parts of the standard. The documents are divided in different categories. The main
categories are the following;

• Description Methods

• Implementation Methods

• Integrated Generic Resources (IGR)

• Integrated Application Resources (IAR)

• Application Modules (AM)

• Application Protocols (AP)
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EXPRESS

Integrated Generic Resources (IGR)

Application Modules (AM)

Implementation AMs
Protocol AMs

Application Protocols (AP)
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Figure 2.2: STEP architecture and modules. Each category boxes contains ISO documents. The
arrows show between which categories there are allowable references.

2.2.1 Description and Implementation Methods

STEP EXPRESS

STEP represents the data models for these domains in the computer-interpretable lan-
guage EXPRESS, which is itself documented by the standard.

The main component of EXPRESS data models are entities. Entities represent objects
with properties and rules, and can be compared to classes in object-oriented languages.
The properties, or attributes, may be classical data types such as; integers, reals and
booleans, specialized data types defined by the data model, or other entities. As with
classes, entities may inherit properties from other entities.

An example of an EXPRESS entity, volume_3d_element_representation, describing a
FEA volume element, and its inherited parents, representation and element_representation,
is shown in Listing 2.1. (In this document, EXPRESS entities are shown in bold.)

1

2 ENTITY representation
3 SUPERTYPE OF ( left out for simplicity ) ;
4 name : label;
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5 items : SET[1:?] OF representation_item;
6 context_of_items : representation_context;
7 DERIVE
8 id : identifier := get_id_value (SELF);
9 description : text := get_description_value (SELF);

10 WHERE
11 WR1: left out for simplicity;
12 WR2: left out for simplicity;
13 END_ENTITY;
14

15 ENTITY element_representation
16 SUPERTYPE OF ( left out for simplicity )
17 SUBTYPE OF (representation);
18 node_list : LIST [1:?] OF node_representation;
19 WHERE
20 WR1: SIZEOF (QUERY(item <* node_list |
21 ’AP209_MULTIDISCIPLINARY_ANALYSIS_AND_DESIGN_MIM_LF.’ +
22 ’GEOMETRIC_NODE’ IN TYPEOF (item))) = 0;
23 END_ENTITY;
24

25 ENTITY volume_3d_element_representation
26 SUBTYPE OF (element_representation);
27 model_ref : fea_model_3d;
28 element_descriptor : volume_3d_element_descriptor;
29 material : element_material;
30 UNIQUE
31 UR1: model_ref, SELF\representation.name;
32 WHERE
33 WR1: left out for simplicity;
34 WR2: left out for simplicity;
35 WR3: left out for simplicity;
36 FU1: required_3d_nodes (
37 SELF\element_representation.node_list,
38 element_descriptor.shape,
39 element_descriptor\element_descriptor.topology_order);
40 END_ENTITY;

Listing 2.1: EXPRESS model of representation, element_representation and volume_3d_
element_representation

The terms SUBTYPE and SUPERTYPE in Listing 2.1 refers to parent-child relationships,
and are used to specify if an entity inherits from, or is the parent of a specific entity. In
the snippet we also see how a volume element has attributes such as element material,
element descriptor, FEA model, and list of nodes (inherited from its supertype element_
representation). These attributes are other entities (or containers of entities) in the data
model. The WRx and FUx, are so called domain rules or WHERE rules. These set
restrictions on what is a valid occurrence of the entity. The specifications for such rules
may be complex, and most are therefore left out from the example. FU1, in volume_3d_
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element_representation, checks, with the use of the function required_3d_nodes, that
the correct number of nodes are included in the node_list attribute. The required number
of nodes is dependent on the shape and topological order of the element, and are therefore
arguments to the function.

The rules, specified in EXPRESS, can be interpreted by applications and be used for
automated validations of populations of the data model.

Storage forms of STEP

The data models describe the structure and semantics of the data. A population of this
data can be stored in different ways:

• As an ASCII file following the STEP format defined in ISO 10303-21 [23].

• As a binary file using the HDF5 (Hierarchical Data Format Version 5) format [24].
ISO 10303-26 [25] defines the mapping of EXPRESS structures to HDF5 struc-
tures of STEP data.

• As an XML file following the specification in ISO 10303-28 [26].

• As a relational database by using the EXPRESS data model as a database schema.

Listing 2.2 shows a snippet of the ISO 10303-21 representation of a data population.
It contains three FEA volume elements and some of its referenced instances. Each in-
stance of an entity is identified by an identifier starting with # and is used when other
instances reference it through attributes. For example #1136 is an instance of the entity
volume_3d_element_representation. Its first attribute, name, inherited from the entity
representation, is defined as a label (which is defined as a string), is ’1’. The sub-
sequent attributes, inherited from element_representation, and defined in volume_3d_
element_representation, are references to other instances. The attribute element_descriptor,
references a volume_3d_element_descriptor with id #1147. This entity specifies the
shape (hexahedron) and order (linear) of the element. This specification is used by the
rule FU1 under a validation of the model, to check that the required number of nodes is
set.

1

2 #73= CARTESIAN_POINT(’1’,(0.,-4.,0.));
3 #75= NODE(’1’,(#73),#28,#62);
4 #84= NODE(’2’,(#82),#28,#62);
5 #104= NODE(’7’,(#102),#28,#62);
6

7 #62= FEA_MODEL_3D(’Nastran job EAS test case ATS4m5’,(#13),#28,
8 ’NASTRAN BDF Converter v1.0.1’,(’NASTRAN’),
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9 ’AnalysisModelType’);
10 #1130= MATERIAL_PROPERTY(’1.2’,$,#1109);
11 #1133= DESCRIPTION_ATTRIBUTE(’TangentCTE’,#1129);
12 #1134= ELEMENT_MATERIAL(’1’,’Fea Material’,(#1116,#1123,#1129));
13

14 #1145= ARBITRARY_VOLUME_3D_ELEMENT_COORDINATE_SYSTEM(’’,#13);
15 #1147= VOLUME_3D_ELEMENT_DESCRIPTOR(.LINEAR.,
16 ’LINEAR_HEXAHEDRON.CHEXA’,
17 (ENUMERATED_VOLUME_ELEMENT_PURPOSE(.STRESS_DISPLACEMENT.)),
18 .HEXAHEDRON.);
19

20 #1136= VOLUME_3D_ELEMENT_REPRESENTATION(’1’,(#1145),#1137,
21 (#75,#84,#104,#100,#140,#144,#164,#160),#62,#1147,#1134);
22 #1149= VOLUME_3D_ELEMENT_REPRESENTATION(’2’,(#1145),#1137,
23 (#84,#88,#108,#104,#144,#148,#168,#164),#62,#1147,#1134);
24 #1152= VOLUME_3D_ELEMENT_REPRESENTATION(’3’,(#1145),#1137,
25 (#88,#92,#112,#108,#148,#152,#172,#168),#62,#1147,#1134);

Listing 2.2: STEP file representation

Officially these files are called ISO 10303-21 files, but are in general referred to as STEP
files. Another term is STEP P21 files, where P21 refers to the part of the ISO 10303
standard which specifies the format.

STEP data on this form are the most common in implementations and usage. Most CAD
applications will offer the functionality of exporting and importing data in this form.

Listing 2.3 shows a snippet of the ISO 10303-28 (XML) representation of a single occur-
rence of an entity. This form (P28) is less popular than the P21 form. It is however used in
some cases in the context of PLM where it may represent an assembly of a product, where
each assembly component references P21 files containing the geometry of the parts.

1

2 <Volume_3d_element_representation id="i6758">
3 <Name>1</Name>
4 <Items exp:cType="set">
5 <Arbitrary_volume_3d_element_coordinate_system
6 xs:nil="true" ref="i6765"/>
7 </Items>
8 <Context_of_items>
9 <Geometric_representation_context-

10 parametric_representation_context xs:nil="true"
11 ref="i6759"/>
12 </Context_of_items>
13 <Node_list exp:cType="list">
14 <Node xs:nil="true" ref="i6217"/>
15 <Node xs:nil="true" ref="i6222"/>
16 <Node xs:nil="true" ref="i6232"/>
17 <Node xs:nil="true" ref="i6230"/>
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18 <Node xs:nil="true" ref="i6250"/>
19 <Node xs:nil="true" ref="i6252"/>
20 <Node xs:nil="true" ref="i6262"/>
21 <Node xs:nil="true" ref="i6260"/>
22 </Node_list>
23 <Model_ref>
24 <Fea_model_3d xs:nil="true" ref="i6209"/>
25 </Model_ref>
26 <Element_descriptor>
27 <Volume_3d_element_descriptor xs:nil="true"
28 ref="i6766"/>
29 </Element_descriptor>
30 <Material>
31 <Element_material xs:nil="true" ref="i6757"/>
32 </Material>
33 </Volume_3d_element_representation>

Listing 2.3: XML file representation of volume_3d_element_representation

Implementing STEP

The standard also specifies how to create APIs interfacing the STEP data model for dif-
ferent programming languages;

• C++, as defined in ISO 10303-23 [27]

• C, as defined in ISO 10303-24 [28]

• Java, as defined in ISO 10303-27 [29]

The language bindings above are all dependent of ISO 10303-22 [30], which defines the
standard data access interface (SDAI). The SDAI is independent of any programming
language and defines an abstract API to manage data models and repositories, and access
STEP data in a database. It provides mechanisms for STEP data access regardless of the
underlying database format. Some SDAI implementations are discussed in [31, 32, 33].

For applications to work with STEP data, a language interface to the data model is
needed. Since EXPRESS is computer readable, APIs may be generated by parsing the
data models provided by STEP. The bindings listed above describe how this process can
be done for the mentioned languages.

An example of generated C++ code, from Jotne’s [34] application EDMS (EXPRESS
Data Manager TM [35]), from an EXPRESS data model, is shown in listing 2.4. In this
code extract, we see the class declaration of the generated class representing volume_
3d_element_representation. It contains get and put functions for the different attributes
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defined in the EXPRESS specification. As the entity has a supertype, the generated class
inherits from its parent class. The definition of the functions, not shown in the code
listing, uses SDAI functions to access the data in the database implementation of the
EXPRESS data model.

1

2 class volume_3d_element_representation
3 : public element_representation
4 {
5 protected:
6 volume_3d_element_representation() {}
7 public:
8 static const entityType eType =
9 et_volume_3d_element_representation;

10 List<node_representation*>* get_node_list();
11 void put_node_list(List<node_representation*>* v);
12 void unset_node_list() { unsetAttribute(5); }
13 bool exists_node_list() { return isAttrSet(5); }
14 SdaiAggr get_node_list_aggrId();
15 void put_node_list_element(node_representation*);
16 fea_model_3d* get_model_ref();
17 InstanceId get_model_ref_id(entityType *etp = NULL);
18 void put_model_ref(fea_model_3d* v);
19 void put_model_ref_id(InstanceId id);
20 void unset_model_ref() { unsetAttribute(6); }
21 bool exists_model_ref() { return isAttrSet(6); }
22 volume_3d_element_descriptor* get_element_descriptor();
23 InstanceId get_element_descriptor_id(entityType *etp = NULL);
24 void put_element_descriptor(volume_3d_element_descriptor* v);
25 void put_element_descriptor_id(InstanceId id);
26 void unset_element_descriptor() { unsetAttribute(7); }
27 bool exists_element_descriptor() { return isAttrSet(7); }
28 element_material* get_material();
29 InstanceId get_material_id(entityType *etp = NULL);
30 void put_material(element_material* v);
31 void put_material_id(InstanceId id);
32 void unset_material() { unsetAttribute(8); }
33 bool exists_material() { return isAttrSet(8); }
34 void* operator new(size_t sz, Model *m) {
35 return m->allocZeroFilled(sz);
36 }
37 volume_3d_element_representation(
38 Model* m,
39 entityType et = et_volume_3d_element_representation) {
40 dbInstance::init(m, et, this);
41 }
42 volume_3d_element_representation(
43 Model* m,
44 InstanceId id,
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45 entityType et=et_volume_3d_element_representation) {
46 dbInstance::init(m, et, this, id);
47 }
48 };

Listing 2.4: Generated C++ class declaration for volume_3d_element_representation

2.2.2 Integrated Generic and Application Resources (IGR/IAR)

The Integrated Generic and Integrated Application Resources (IGR and IAR), are where
the "core" of the STEP data models lies. The documents in these categories define
the core of all the data model entities and types (in EXPRESS) in STEP. Each docu-
ment handles different topics; some generic, and some application specific (as the cat-
egory names suggested). For example, in the code in Listing 2.1, the representation
of the representation entity, a generic entity which is inherited by a large amount of
other entities, comes from an Integrated Generic Resource document. The element_
representation and volume_3d_element_representation, which are application spe-
cific (FEM), comes from a document in the Integrated Application Resources.

Some examples of such documents are:

• Integrated Generic Resources:

– ISO 10303-41 - Fundamentals of product description and support

– ISO 10303-42 - Geometric and topological representation

– ISO 10303-50 - Mathematical constructs

• Integrated Application Resources:

– ISO 10303-101 - Draugthing

– ISO 10303-104 - Finite element analysis

– ISO 10303-110 - Computational fluid dynamics data

Even if entities are specified in each of the different documents, they can reference each
other (for example by entities inheriting from entities in other documents), with the ex-
ception that data models in the IGRs, may not reference from the IARs.

2.2.3 Application Modules (AM)

The architecture of STEP is layered and modular; data models are divided in modules
that can be reused by other modules depending on which layer they belong to. The
lowest layer contains the data models in the IGRs (generic), above this layer are the IARs
(application), and on top of these are the Application Modules (AM).
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AMs can "collect" (by referencing) different parts of the IARs, IGRs and other AMs,
thus modularizing data model content. This layering and modularizing, results in a tree
structure of modules of AM, IAR, and IGR data models, where the IGRs are leaf nodes.
There are multiple top nodes in this tree structure, these are all AMs, and more specific-
ally, Protocol AMs.

As seen in figure 2.2, AMs are further divided in Foundation, Implementation, and Pro-
tocol categories. Where foundation AMs are the lowest layer, and provide data model
content that is highly reusable, and implementation AMs are more specific to a certain
usage. Protocol AMs are essentially the same as implementation AMs, however, as "top
nodes", they define the content in Application Protocols, where their name comes from.

2.2.4 Application Protocols (AP)

The highest level of the STEP architecture are the Application Protocols.

The Application Protocols are the complete data models defined by the aggregated con-
tent from a specific protocol AM. Each of them are tailored for a specific engineering
application domain, and are the only semantically complete data models.

When an application, tool, or system wants to support STEP for a certain domain, it does
so by implementing the data model specified in an AP. The AP can then be used to spe-
cify a database dictionary, API, or exchange format for the application. The developers
implementing this support, need not to know the whole architecture of STEP (IGR, IAR,
AM, etc) but only understand the content of the AP and its language EXPRESS and im-
plementation methods. It is STEP experts, together with domain experts, that design the
data models in each STEP module, with high focus on reusing existing modules, for a
specific application.

Examples of APs are:

• AP203 Configuration controlled 3D design of mechanical parts and assemblies
[36]

– AP203 was the first application protocol and was intended for CAD data. It
was, and is still implemented in many major CAD applications to exchange
STEP files (P21) by import and export functionality. It supports 2D/3D geo-
metry, assemblies, annotations, modeling history and much more.

• AP214 Core data for automotive mechanical design processes [37]

– AP214 came later, also implemented as much as AP203, and supports everything
in AP203, but adds support for representing configuration control, tolerance
data, kinematics, and more.
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• AP242 Managed Model Based 3D Engineering [38]

– AP242 is the newest application protocol for CAD. It extends the content
of AP203 and AP214 with PDM, tessellation (for visualization puroposes),
composites representation, and more. This AP is implemented in the newest
versions of major CAD tools.

• AP209 Multidisciplinary Analysis and Design

– AP209 supports simulation information; mainly FEM, but also CFD. It also
contains the whole content of AP242, and can therefore represent CAD, sim-
ulation, and relations between them.

• AP239 Product Life Cycle Support (PLCS) [39]

– AP239 [40] is intended for PLM/PDM systems and support topics such as
logistics, risk management, tasks, planing, etc.

• AP238 Integrated CNC Machining (STEP-NC) [41]

– AP238 is first of all a replacement for G and M code for CNC manufactur-
ing. It also supports CAD geometry representations and can relate this to the
machining operations.

A lot of content in the above APs overlap, and because this is done by the APs sharing
the same modules, interoperability between them is achieved.

2.3 ISO 10303 AP209 - Multidisciplinary Design and Analysis

2.3.1 AP209 Scope

AP209 is the core data model that is used for this study. As mentioned in the previous
section, it supports CAD, FEA, CFD, as well as PLM and other CAE related information.
All these domains are relevant in the context of digital twins. Some previous studies
presenting the use of AP209 are presented in; [42, 43, 44, 45] related to exchange of
analysis and composite data, [15, 46] for translation of analysis data, [47, 48] related to
electromagnetism and thermal data exchange.

This part of the STEP standard can be used as a format for file exchange between different
simulation solvers, and as database schema for SDM applications. It has however not
gained the same support by software vendors as AP203, AP214, and AP242 has for the
CAD domain.

The first edition of the standard was released in 2001, and was later updated to edition 2
in 2014. A "bug fix" of the current edition is ongoing, and will be released as edition 3
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[49]. Jotne is also currently involved in the planing of an international project which will
outline the content of a 4th edition. This will focus on nonlinear FEA support, and will
take into account the recommendations outlined as a result of this thesis.

The scope of the standard includes, among many other items, the following;

• CAD data (geometry, product information, assemblies of parts)

• FEM load cases; including linear static and dynamic analysis

• FEM loads

• FEM boundary conditions

• FEM mesh (multiple element types, including generic element definition)

• FEM material properties

• Topological relations between FEM mesh and loads, and geometry

• Composite material including its FEM representation

2.3.2 High Level Entities

In STEP, every data representation can be traced back to a product, a product_definition_
formation, and a product_definition entity of which they belong. Be it an analysis, a
geometric shape, a sensor, or a material type. These entities, together with other related
entities, are often referred to as high level entities. They hold product information, such
as meta data and PLM data.

This section will not present all the details of PLM data representations, but introduce
the basic entities that define a product.

Product descriptions in STEP, including the above entities, are defined in Parts 41 [50]
and 44 [51] of the standard. These documents are focused on what defines a product
in terms of its constituents. A product has an identification, categorizations, relations
with other products, relation to a specific life cycle stage or discipline view, and may
have multiple versions. With the use of those type of entities, this information can be
represented semantically.

The formal definitions of the mentioned product entities are very generic. According to
the documentations, the mentioned product entities, and their context and categorization
entities, are defined as follows:

• product:
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– (...) a representation of a product or a type of product.

– (...) depends on one or more instances of product_context specifying a frame
of reference that determines the validity of the information held about the
product or class of products.

• product_definition_formation:

– (...) a collector of definitions of a product.

• product_definition:

– (...) a representation of an aspect of a product, or of a class of products, for
an identified life cycle stage.

– (...) may represent particular products that are the members of an identified
class of products.

– (...) acts as an aggregator for information about the properties of products.

• application_context

– (...) is the identification of an application protocol.

– (...) represents various types of information that relate to product data and
may affect the meaning and usage of that data.

• product_context

– (...) is a type of application_context_element that represents life cycle in-
dependent information about a product. This information describes the dis-
cipline in which data about the product are created.

• product_definition_context

– (...) is a type of application_context_element that represents information
about the stage in the product life cycle for which a product_definition is
created or used.

• product_category

– (...) is a classification that applies to products.

In many implementations, for example in CAD tools, when a STEP model is expor-
ted, product related entities will not hold much more information than the product’s
name and ID, which very often are the same. For assemblies of parts, each part, and
each assembly representation will have a product, product_definition_formation, and
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a product_definition. Also, when exporting from a CAD tool, context and categoriza-
tion entities will usually hold default values or non-informative data. A CAD tool doesn’t
necessarily care of PLM information. STEP models in such context are more of a method
for transfering design data between different applications. However, in a PLM/SDM en-
vironment these entities may be populated with information that gives more meaning. In
such environment, relation entities may be used to relate different models together, and
this is done with product level (high level) entities.

2.3.3 Low Level Entities

In STEP, by low level entities, we mean all the entities describing the details making up
the complete data set. Figure 2.3 shows how some of the main content in a sample AP209
file is related. In blue are the "high level" entities representing the analysis as a product.
The product has a shape, which is a FEM model, with a structural response property that
relates to the details of the FEA model (in green). Further down, in yellow, are the load
cases and their associated results. Only the top level entities of the results are shown in
the figure for simplicity. Each load case has a tree-structure-like breakdown collecting
all the loads and boundary conditions used in the load case. These are composed of
states and state_relationships. In the figure, the breakdown of two load cases are shown.
In pink, what relates to loads, and in cyan what relates to boundary conditions. In this
specific example, the same boundary conditions are used in both load cases, while the
loads have both independent loads and shared loads.

When using AP209 for structural testing, as presented in Paper 1, direct references
between the instances representing structural test specific data (tests, test results, and
sensors) and the FEA specific data discussed above, are possible. Such tight coupling
is required for being able to correctly represent digital twin related data, where physical
results, and simulation results, need to be strongly connected.
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Figure 2.3: Detailed overview of a STEP AP209 population
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Chapter 3

Application development

3.1 STEP Converters
To integrate FEM and structural test data in STEP compliant systems (in our case, a SDM
system) we need to translate the data from their original source to STEP. A major task of
this study was to develop such converters and embed them in a SDM application.

This thesis discusses STEP in the context of data management, and as a format for long
term storage. However, converters, especially for FEM, are useful regardless of this
context. Being able to quickly convert analysis files from one solver format to another,
can save a lot of time for the engineering analyst. In our case, such converters are created
by having AP209 as a central format, which every file translation converts to or from.
Instead of having direct conversion functionality between each format, every format need
only one to- and one from-conversion implementation (Figure 3.1).

Nastran

Ansys

Abaqus

FEDEM

LS DYNA

Solver X

Solver Y

AP209

Nastran

Ansys

Abaqus

FEDEM

LS DYNA

Solver X

Solver Y

AP209

To- and from- converter

Figure 3.1: AP209 as a central format for converters

This section is dedicated to highlight some of the details and technical aspects involved
in the converter development.

27
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3.1.1 FEM Converter

The developed FEM converter works by taking in a source file, a source format, a target
file, a target format, and some optional additional configuration parameters. The accepted
formats are currently NASTRAN (bulk data format .nas/.bdf/.dat), ABAQUS (input file
format, .inp), ANSYS (APDL file format), and AP209, with the following implemented
conversions:

NASTRAN ⇐⇒ AP209
ABAQUS =⇒ AP209
ANSYS ⇐= AP209

If none of the target and source formats are AP209, the converter converts first to AP209,
then to the target format (if that conversion is implemented).

The converter is a command line application created with C++. To work with AP209 data,
it uses EDMS and a generated C++ AP209 interface as discussed in 2.2.1. When writing
and reading AP209, the converter has direct access to any part of the model. For the
native formats however, which are in ASCII, the data needs to be processed sequentially
(line by line). Performance-wise, it would be beneficial to work with the solvers binary
formats using an API and have direct access to the required parts of the model. Because
these formats are proprietary and not open, with no available API, this was not done.

Different strategies may be implemented for converting sequential files. The current
method used, is that the application first reads the complete file, store the information
internally in memory as custom data structures, then converts the data to AP209.

The main drawback with this is that it sets a limit on the size of model to be converted,
based on the available memory. However, such implementation is faster to develop,
which has been a crucial benefit during this study.

Alternative implementations, that could be developed, are:

1. As the sequential model is read, convert data directly if possible. If not possible,
store the data in memory until the missing information is read, then convert.

2. Same as above, but instead of temporarily storing in memory, store in a database.

3. Read the complete model first, and store everything in a database. This could be a
STEP database with a custom AP schema. In that case, an API for the model could
be generated and used for the conversion process.
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3.1.2 Structural Test Converter

The structural test converter reads input files specifying sensor and test information, as
well as result files holding sensor measurement data, and creates AP209 data in a STEP
database model. An existing FEM analysis (in AP209) is also input to the converter, such
that the created structural test data may relate to the relevant FEM data.

Paper 1 presents how the resulting model from this converter is structured.

The formats of the input files used for sensor and test definition are in ASCII, and based
on a format provided by Lockheed Martin Aeronautics in connection with the CRYS-
TAL project which is discussed in 3.3.2. The files may be written manually, or when
integrating the converter in an application, may be generated.

The converter was divided in three different modes:

• Sensor definition mode: Creates sensors as product data structures in a specified
AP209 database model. Based on the data in the sensor input files, sensors are
referencing finite elements on the input FEM mesh, and their orientation, position,
type, identification, and other relevant information are added as properties.

The sensors also reference the STEP representation of the physical product that the
sensors are placed on.

• Test definition mode: Creates the representation of an executed or planned struc-
tural test in the same model.

Based on the data in the test input files, each test gets linked to their corresponding
load case that simulates them in a FEM model. They also reference the specific
sensors that are used in each tests, and the physical product which the tests are
applied on.

• Test result mode: Reads tests results from files generated from DAQ (Data ac-
quisition) systems, such as CATMAN [52], and an input file specifying how each
set of result data relates to a specific sensor. The results are collected in STEP data
structures and related to their sensors and test cases.

3.2 STEP Explorer

3.2.1 Background

STEP is a complex data model covering a huge amount of concepts. In this study a
lot of work was spent exploring, understanding, and extending the standard with new
concepts, including generating STEP files with developed converters. This type of work
involves a lot of debugging and inspection of generated STEP files, which could be done
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by reading STEP files in a text editor, or viewing its content in Jotne’s database manager,
EDMS. This proved to be time consuming for complex files, especially when attempting
to explore deeply nested tree-like data structures. Because of this, the study devoted a
certain amount time on developing an application, STEP Explorer, for doing such tasks
more efficiently.

3.2.2 Overview

The main purpose of STEP Explorer is to give an easy way of exploring the content of
STEP files and models. This is achieved by providing a 2D graphical view of STEP
instances with their relations.

STEP Explorer (see Figure 3.3) requires that a STEP schema is specified, then a STEP
file can be imported. The application initially gives an overview of the different entities
(Figure 3.4) that exist in the STEP file. For each different entity, a tabular view can be
displayed showing every instance of that type and its attribute values (Figure 3.6).

Figure 3.2: Example of instance box

By selecting instances in the tabular instance
overview, or by searching for an entity name
or instance ID (Figure 3.5), instances can be
displayed in the graphical 2D view.
In the viewer, displayed instances are repres-
ented by boxes, containing their entity name,
instance ID, and attribute values. When at-
tributes are references to other instances, the
referenced instance ID is displayed. An ex-
ample of such box can be seen in Figure 3.2.

The displayed instance boxes have a context menu with the following main available
functionalities:

• Get all attributes: every attribute of the selected instances which are instance
references are displayed as additional boxes.

• Get attribute: gives the choice to select any of the attributes that are instance
references and display it as an additional box.

• Get references: A query is done to find all instances that reference the selected
instances. If this results in many results, they are displayed in a table form and a
selection can be done of the desired instances, which are then displayed as addi-
tional boxes. If there are few results, additional instance boxes are directly created
for each.
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Figure 3.3: STEP Explorer interface

Figure 3.4: Entity list show-
ing which entities exist in the
STEP model.

Figure 3.5: Search instance by entity name or instance ID

Figure 3.6: Instance list, showing all occurrences of an
entity in the STEP model.
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When an attribute or reference is displayed through one of the above functions, an arrow
is displayed showing the relationship between them. This functionality makes it possible
to create diagrams that show complex STEP data structures in a simplistic way. Instance
boxes can be moved, aligned, centered, colored, and more, to allow the user to create
detailed diagrams as seen in Figure 3.7. These may be exported to PDF or image files to
be shared with others.

Figure 3.7: Example of generated diagrams

An additional functionality are scripts. A script, using a simple syntax, can be written
to define small template-like instructions of which instances, and how instances, should
be displayed in the viewer. These template scripts can be used on multiple STEP files to
quickly generate standard diagrams that can be compared.

3.3 STEP in Simulation Data Management
As already mentioned, STEP, and more precisely STEP AP209, is a data model that can
be used in a simulation data management system. The data model provides multiple PLM
data structures for general data management, and for low level details of simulations.

In this study, the research has been heavily related to the use of, and the extension of
Jotne’s SDM application; EDMopenSimDMTM [53]. This has been used to validate the
use of AP209 for managing design, testing, and simulation, as stated in objective O.1.

As part of this validation, a use case was introduced, involving design, FEA, manufactur-
ing, testing, and data management of an aircraft winglet, Figure 3.8. The design of the
generic winglet was provided by Lockheed Martin Aeronautics, it was simulated with NX
Nastran and manufactured and tested at NTNU. EDMopenSimDM with the extensions
provided by this study and the CRYSTAL project discussed in 3.3.2, and the converters
discussed in 3.1, was used to manage all data.
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The winglet use-case was designed to involve the data relevant for a digital twin. Though
it didn’t take into account any real-time connection between the physical and virtual twin,
it satisfies the coverage of the data domains of the thesis’ objective. A real life complex
industrial digital twin, will in most cases involve some method of feedback between an
analysis and sensor measurements on a product in operation. The data transfer mechan-
ism for such a system, can be implemented in a multitude of ways, and is out of scope of
this study. In our use-case, the winglet, rather than being in operation, is tested in a lab
and the data is collected and imported to the SDM application, to be integrated with the
virtual digital twin data; the design and FEM analysis.

Figure 3.8: Winglet use case

3.3.1 EDMopenSimDM

EDMopenSimDMTM addresses simulation data management and engineering data archival
and retention. The tool is composed of a client and a server application, which enables for
collaboration between people and teams within the same, or across different companies.

The main concept of EDMopenSimDM is that it is based on the AP209 data model,
which is used as an underlying database dictionary.
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Figure 3.9: EDMopenSimDM interface

Figure 3.10: EDMopenSimDM
product structure

All management concepts are stored as
AP209 data structures, which includes;
people and organization with access restric-
tions, tasks and tasks methods, approvals,
versioning, etc. The application accepts files
in any formats, but has special processing
methods for STEP files.
If a STEP file containing a CAD assembly
is imported, the assembly structure may be
used to define a product structure in a pro-
ject. Product structures are presented as seen
in Figure 3.10. In this particular example
the product breakdown structure is a result
of importing the CAD assembly of the wing-
let exported from NX [54].

EDMopenSimDM has integrated the concept of federated model. A federated model
implies that every model (STEP models) imported is treated as sub-models of the over-
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all federated model of a project. Relations between sub-models are managed through
a special link model (using the STEP AP209 schema). Each model, may be of differ-
ent domains, including; CAD, FEA, and structural testing. Section 2.3.2 presented high
level entities (product, product_definition, etc), and how they hold product manage-
ment information. Relations between sub-models are first of all done on these entities.
In addition, for specific cases, low level relations are also created. This includes for ex-
ample the representation of a test case in a structural test model, and a load case in a FEA
model, or a sensor representation and a FEA element. These types of relations are done
with the converter presented in 3.1.2. In theory, more detailed relations could be done,
such as relations between FEA nodes, elements, loads, and their related CAD geometric
constituents such as surfaces and edges. This is however not implemented as it would
require integrated CAD and FEA kernels.

Having all this data and information in the SDM application, in one data model, facilitates
the integration of data processing tools that requires cross-domain information. An ex-
ample of such a tool, which further validates objective O.1, is the FEM-Test Correlation
tool (Figure 3.11). This application was developed during this study, and embedded into
the SDM application. It accesses the information of a selected structural test and related
FEM model, and allows the user to select sensors and test cases. These are related to test
result values and FEM results. For each sensor, their test measurements and results from
analysis can be plotted individually or overlapped, enabling them to be compared and
checked for correlation. Additional information for each sensor is also available, such as
orientation, position, type, etc.

Another example of service developed, which takes the advantage of tightly coupled
FEM and sensor data, is the visualization of sensors on its related FEM mesh (Figure 5).
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Figure 3.11: FEM-Test Correlation tool interface Figure 3.12: Sensors visual-
ized on FEM mesh

3.3.2 CRYSTAL Project

The study of this thesis started while Jotne had a project named CRYSTAL with Lock-
heed Martin Aeronautics Company. Part of the objectives of this thesis were also re-
quirements in the scope of CRYSTAL. The project’s goal was to explore and implement
a system for a central storage of design, simulation, and structural test data. This sys-
tem was EDMopenSimDM, and many of the features presented in 3.3.1, were developed
during the project using results from this thesis, especially Paper 1. Paper 4 presents the
vision and scope of CRYSTAL.

3.3.3 DEFINE Project

The DEFINE project is an ongoing ESA (European Space Agency) project done together
with Jotne. Its main objective is to increase the integration of 3D digital models in order
to improve the efficiency and effectiveness of the assembly, integration, and test proced-
ures and documentation, fully integrated into the overall space system lifecycle. It is
similar to the CRYSTAL project described in section 3.3.2, however, in addition to FEA
and structural test data, it introduces additional domains, including; thermo and thermo-
elastic analysis, optical raytracing analysis, cloud points data, testing data from thermal
scan, vibration testing, load cells, and others.

Results from this thesis will be applied in this context to further improve the functionality
and domain coverage of EDMopenSimDM.
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Summary of Papers

Paper 1 together with the implementations in SDM (section 3.3), is the main contribution
to objective O.1. This paper highlights the details around utilizing AP209 for structural
testing.

Paper 2, contributing to O.2, identifies some of the obstacles for AP209 to gain more
acceptance from the industry. The main concern is the lack of support of nonlinear FEM,
which is the main topic addressed in this paper.

Paper 3 contributes to both O.1 and O.2. The main concern from Paper 2 is addressed
here, by showing how AP209 can be enhanced to cover nonlinear FEM. Nonlinear FEM
is required for both digital twin data, which can involve complex dynamic simulations,
and for general FEM data management that might involve complex analyses.

An abstract and summary of each paper are presented in the next sections.

4.1 Paper 1 - Relating Structural Test and FEA data with STEP AP209

Abstract

This paper proposes a method for incorporating FEA data and structural
test data into one common standardized data model based on the ISO 10303
STEP Standard. The proposed method takes advantage of data structures
and elements defined in STEP AP209 Edition 2 to provide traceability between
analysis and testing phases; information such as sensor and finite elements,
test and FEA load cases, and test and FEA results are included. It also
presents an introduction to STEP and AP209e2, and discusses how it can be
used in a Simulation Data Management environment.

37
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This paper focuses on O.1 by investigating how to handle structural test data with the
STEP standard. It presents the technical aspect of how this was done, and answers the
question; how can STEP AP209, which is intended for multidisciplinary design and ana-
lysis, cover structural testing?

The reason for using AP209 for this domain, is because not only should the standard rep-
resent the structural test data, but it should also represent the relations to data from FEM,
as well as other domains. AP209 already covers generic data representations such as PLM
constructs, mathematical concepts, general engineering information, generic properties,
and more. These representations can all be related to FEA specific data representations.
The paper presents how these generic representations can be used to represent test data
and relate those to analysis data.

The study focused on how to handle the following information:

• how to represent sensors with focus on strain gauges.

• how to represent sensor components (for example in biaxial/triaxial gauges), and
how to relate these to parent sensor assemblies, and to test results in a specific test.

• how sensors relate to a position and elements in the FEM model.

• how sensors relate to a specific test representation and a physically tested product.

• how the test cases relate to load cases in the FEM model.

• how to handle sensor specific properties, such as gauge factor, sensor type and
model, and DAQ (Data Aquisition) connection IDs.

The converter for structural test data, discussed in section 3.1.2, was developped dur-
ing the study of this paper, first as a stand alone application, then integrated in ED-
MopenSimDM.

4.2 Paper 2 - ISO 10303 AP209 - Why and how to embed nonlinear
FEA

Abstract

ISO 10303 STEP AP209 edition 2 is a data model standard intended for
data exchange and storage of simulation information. The standard has a
wide coverage of FEA (Finite Element Analysis) information, but is missing
certain features such as nonlinear FEA. This paper gives an introduction to
the STEP AP209 standard and presents projects in which AP209 has been
implemented.
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The study then identifies requirements that should be supported by a stand-
ard FEA data model, but are not fully covered by AP209. Each requirements
are discussed in the context of how they are supported by existing major
solver applications. Without giving detailed solutions for how these should
be implemented in AP209, starting points for further research is suggested.

For AP209 to be more widely used it needs to gain interest from more engineering ap-
plication vendors, especially FEM solver vendors. This study presents STEP and AP209,
and discusses projects and use cases where it has been implemented and used. It further
tries to identify why it has not gained as much traction as the STEP application protocols
for CAD (AP203, AP214, and AP242). One of the main issues identified is the lack of
support for certain important FEA concepts. How major FEA solvers support these miss-
ing FEA concepts, and how these should be implemented in AP209, is investigated. No
implementations or detailed solutions are discussed, but further work is suggested. Paper
3 and Annex C continue this study in more details.

4.3 Paper 3 - Extending STEP AP209 for Nonlinear Finite Element
Analysis

Abstract

ISO 10303 STEP AP209 is a standard for exchanging and storing simu-
lation information along side related PLM (Product Lifecyle Management),
CAD (Computer Aided Design), and other CAE (Computer Aided Engineer-
ing) data. The AP209 standard, despite being well documented and covering
a wide range of engineering information, has not been widely implemented
by FEA (Finite Element Analysis) solver or SDM (Simulation Data Man-
agement) applications. This is assumed to mainly be due to AP209 not yet
supporting nonlinear FEA.
The following study takes basis in the findings of Paper 3, where improve-
ments of the AP209 standard were suggested. Some of these suggestions,
related to nonlinear FEA, are here further investigated and implemented,
and proposed for further standardization.
Analysis test cases using these new features are created, and converters
between different FEA formats are developed.
The test cases are nonlinear, static and dynamic, with different defined time
step control parameters and loading conditions. The FEA data converters
translates data between AP209 and the solver specific formats. The complete
data information from the analyses are preserved during the conversion, and
the generated analyses are solved. To confirm that no information was lost
during the process, simulation results are investigated and compared.
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Paper 3 continues from the findings in Paper 2. The study shows how AP209 can be
extended to support multiple types of analysis, and not only linear FEA. This is done by
extending the entity hierarchy of the analysis type entities, and introducing the repres-
entation of FEA solver parameters to the standard. In addition, as it is often needed in
nonlinear analyses, a recommended representation of varying load (by time or space) is
described.

The improvements to the standard are implemented in a custom AP209 schema, which is
implemented in the FEA converter discussed in 3.1.1. With this converter, different test
cases created in Abaqus are converted to Ansys and Nastran formats via a translation to
AP209. These tests are solved in the respective solvers, and to confirm that AP209 kept
all the necessary information during the conversions, and the results are compared.

4.4 Summary of STEP AP209 Extensions

From Paper 1

The following summarizes the STEP usage recommendations from Paper 1 related to
how to represent structural test data and its relation to FEM.

Below, the term product structure is referring to an instance structure of a set of product,
product_definition_formation, and product_definition instances.

• Representation of a physically tested part

– With relation to:

- Design model
- Analysis
- Physical tests

• Representation of a sensor type

– Represented by a product structure

– With sensor type specific properties and metadata such as; manufacturer,
model name, description, type identifier, angles for multi-axial strain gauges,
etc.

• Representation of a sensor

– Represented by a product structure

– Assembly of multiple sensor components (for example different measure-
ment directions in a multi-axial strain gauge)
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– With sensor specific properties and metadata such as; ID, name, geometrical
location, mesh location (elements and nodes)

• Representation of a sensor component

– Represented by a product structure

– With sensor component specific properties and metadata such as; measure-
ment direction

– With relations to:

- Measurement results
- Test cases

• Representation of a physical test case

– With relations to:

- The physically tested part
- Measurement results from sensor components
- Sensors used in the test
- Load case in analysis

• Representation of results of specific test

– With properties and metadata such as; DAQ specific properties, sampling
rate, gauge factor, channel ID, etc.

– With relations to:

- Sensor component
- Test case

• Representation of collection of physical test results

– Represented by a product structure

– With relations to all tests performed on a physically tested part and the ana-
lyses simulating those tests

From Paper 3

The following summarizes the AP209 extensions and recommendations from Paper 3:

• Analysis types

– Extensions of control_analysis_step, result_analysis_step and control_process
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- New entities for each type of analysis
- Hierarchically structured

• Analysis parameters

– Extension of property_definition and property_definition_representation

- With entities fea_parameter_property and fea_parameter_property_
definition_representation

- Used to relate FEA parameters to specific load case or complete analysis

– Added new type control_or_control_process
- Used by fea_parameter_property and fea_parameter_property_definition_

representation to be able to either relate to a specific load case or a com-
plete analysis

– Recommendation of standardized FEA parameters to be used by fea_parameter_
property and fea_parameter_property_definition_representation for com-
mon FEA properties, structured by categories

• Varying loads

– Representation of loads varying by time, load factor, coordinates, or other
variables

From Appendix C

• Mesh regions

– Extension of entity element_group
- Extended with element type specific groups that can hold an element

aspect (face ID and edge ID)
- Multiple groups can be related to form regions defined by sub-regions

with different element aspects

• Mesh interactions (contact and glue)

– Extension of entity state_definition
- Extended with entities for specific mesh regions, and interaction types

such as contact and glue
- Relates to interaction specific properties represented by the entities property_

definition and property_definition_representation

• Nonlinear materials
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– Representation of elastic perfectly plastic material model defined by a yield
point

– Represenstation of multilinear plasticity material model defined by a set of
stress and plastic strain values
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Chapter 5

Conclusion and Future Work

The STEP standard covers a large scope of industrial data. However, it is only in the CAD
domain that it has been widely accepted and implemented. Today thousands of STEP
CAD files are produced and archived daily world-wide [55], it has proven to simplify
CAD file exchange between different systems. A similar wide implementation in other
domains would greatly simplify data management and archiving in engineering industry.

With the main goal of improving the effectiveness of data management of physical test
and simulation data, in the context of digital twins, PDM, PLM and SDM, this study
has investigated, proposed recommendations, and applied the use of STEP for structural
testing and FEM.

For the structural testing domain we showed how test data can be stored without making
changes to the standard, but by defining how to structure the data in a semantical correct
way. It was illustrated how to implement these recommendations in a SDM application,
which can then manage both structural test and FEA data in the same format. The ap-
plication, which also stores design data in STEP, is able to relate models and information
together, ensuring interoperability and traceability.

The need for nonlinear FEM to be supported by AP209 was identified, and after making
recommended extensions to the standard, implementations were performed to show their
applicability.

While this thesis recommends many additions to the standard and makes STEP even more
applicable for use in digital twins, for these recommendations to become available for in-
dustry, they need to be officially endorsed by the ISO community and published in official
ISO standards and recommended practices. Furthermore, the domains of structural test-
ing, and nonlinear FEM are still larger than what was covered in this study. This study
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covers the basics, but future work would be required, to apply these results in a wider set
of use cases including additional types of sensors and more complex simulations.
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A B S T R A C T

This paper proposes a method for incorporating FEA data and structural test data into one common standardized
data model based on the ISO 10303 STEP Standard [1]. The proposed method takes advantage of data structures
and elements defined in STEP AP209 Edition 2 [2] to provide traceability between analysis and testing phases;
information such as sensor and finite elements, test and FEA load cases, and test and FEA results are included. It
also presents an introduction to STEP and AP209e2, and discusses how it can be used in a Simulation Data
Management environment.

1. Introduction

Simulation and structural testing plays a big role in the development
of complex products. As Moore’s Law continues to evolve, greater
computational power and storage becomes available for use. This has
led to an ever-increasing amount of simulations, especially as design
optimization through simulation and analysis becomes more common.
The higher computational power allows engineers to perform more
complex analyses with higher fidelity than ever before. Properly ap-
plied, high fidelity methods can lead to more optimized and safer
products.

Enormous amounts of data are generated by these methods that
must be managed effectively and efficiently. Problems arise when these
data must be stored for reuse in different domains or when they have to
be archived for a longer term. The large amount of data means finding
information becomes more difficult. Files in different formats, for dif-
ferent applications, spread over multiple locations and companies fur-
ther complicates the situation. A popular solution to these difficulties is
often declared to be Simulation Data Management (SDM) and Product
Data Management (PDM). These solutions make organizing simulation
and CAD data together with other engineering information more effi-
cient, but have focused more on the CAD aspects of data management.
The aerospace industry (among others) has recognized the growing
challenges related to SDM and PDM for analysis and simulation data
and have been active in promoting SDM and PDM solutions.

Still with SDM, users are often locked to proprietary formats of the
software initially used for their design and simulation, causing com-
plications when different partners are using different software. SDM is
not the main focus of this paper, but as we will see, AP209 is not only

used as a file format but it could also be the backbone of the data model
for a software system (including Data Management tools).

The reliability of simulation data depends on their validation by
physical tests. For safety critical systems, authorities may require this
relationship to be traceable. Test data, therefore, need to be managed
together with corresponding simulation data. This adds to the com-
plexity of the data management task. A typical (and simplified) en-
gineering process that involves structural testing is as follows:

1. A simulation is performed and results are saved in the CAE software’
s native format.

2. Based on the results, actuator and sensor locations are chosen for a
structural test.

3. Parameters for controlling the test are developed based on simula-
tion results.

4. Tests are performed and loads and results are exported from the test
equipment to a test specific format.

5. Test results and simulated results are compared and reconciled.
6. Results are summarized in test reports and delivered to consuming

organizations.

Companies often have their own internal work-flows to manage
interactions between the analysis and testing organizations during test
planning and preparations up and throughout test execution. Additional
work-flows are used to compare, reconcile, document and distribute the
product testing results.

These work-flows can be performed manually or through automa-
tion but both rely on sets of agreed-upon definitions. The following
types of information are a few examples of these definitions:
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1. Sensor distribution in the FE model frame of reference. (Figure 1)
2. Sensor orientations in the FE model frame of reference. (Figure 1)
3. Relation between corresponding test cases and analysis load cases.
4. Sensor mapping to channel IDs from the test equipment.
5. Information about applied filtering techniques on applied loads and

sensor result data.

With these definitions, the correspondence of virtual and physical
results can be validated against the testing requirements for data con-
tent and quality. Common data manipulation techniques, such as
transforming the results to matching frame of reference, enable con-
sistent predictions or comparisons and are highly dependent on the
common understanding of the kinds of definitions described above.

These operations are performed in a variety of software tools with
results typically output to Excel sheets for further analysis or reporting.

Data artifacts are generated at many of the steps in these workflows
and must be retained to achieve full traceability. Examples of these data
artifacts are the following:

1. Test Requirements
2. Test Plans and Procedures
3. FEM analysis files
4. FEM result files
5. Structural test output files
6. FEM-Structural test definition files
7. Comparison / correlation results
8. Reports

In certain industries there exist strong regulations on data retention
of products. This is the case for the aerospace industry. As an example,
the Federal Aviation Administration (FAA) in the United States, re-
quires that ‘Type design data must be retained and accessible for the life-
span of the product. It is possible that technical support for the original
software will be terminated during the product lifespan, so your procedures
manual must explain how access to the data will be retained or transitioned
to a new software system.’ [3].

The goal of this paper is to validate that the AP209 data model has
the capabilities to represent the above information, and keep the tra-
ceability between the different data fields. Thus, enabling the storage of
a complete data set in a neutral and archive-friendly format.

Fig. 2presents an overview of the data which we want to represent
in AP209, and how it relates together internally in a model.

In the next sections we briefly cover the background of the STEP
ISO-10303 standard, followed by Section 3 where we present the

outline of the proposed model, while Sections 4–6 go into specific de-
tails of the data model.

2. STEP ISO 10303

2.1. Background

Started in 1998, the goal of ISO 10303 was to standardize the re-
presentation of product data that are aggregated throughout the whole
product life-cycle and across all relevant domains. The data model that
STEP standardizes is written in the data modeling language EXPRESS
[4], a lexical and graphical language which is both human and com-
puter readable. EXPRESS is an object-oriented language using en-
capsulation and inheritance; it offers rich features for specifying po-
pulation constraints.

Part 21 of the STEP standard [5] describes the ASCII representation
of STEP, which is commonly known as the STEP file format. In addition,
STEP defines an API to access product data in STEP compliant database
repositories for data sharing. This is standardized Part 22 SDAI, Stan-
dard Data Access Interface [6]. Programming language interfaces for
STEP data, so called language bindings, are specified in for example
Part 23 [7] for C++. Having all these standardized methods for ac-
cessing STEP data, simplifies the creation of STEP based tools and
software, and allows these to share a unified understanding of the data.

The standard is composed of a collection of parts, some of which
covers the implementation methods of the standard, such as the parts
mentioned above, while most parts specify the data models of the dif-
ferent product data domains supported by the standard, i.e. geometric
representations, FEA, mathematical descriptions, product structures
etc. Each of these are holding the definition of entities with their at-
tributes and inheritance, which in an Object-Oriented Programming
(OOP) view are essentially classes.

2.2. STEP Architecture

An important aspect of the STEP architecture is the use of higher
level data models, which by using formal mapping specifications, maps
to the integrated resources and the application resources of ISO 10303.
Only a brief description of this process will be included in this paper.
The reader is advised to study STEP in a Nutshell [8] and the STEP
Application Handbook [9] for a thoroughly explanation of the STEP ar-
chitecture.

The main idea is that an Application Activity Model (AAM) is used to
describe the activities and data flows of a certain use case of the

Fig. 1. Mapping sensor locations and orientations to FEM model.
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Application Protocol (see Section 2.3). This is usually done by graphi-
cally illustrating the flows of types of data necessary for the to-be-de-
veloped STEP data model.

Based on the AAM, a formal Application Reference Model (ARM) can
be designed; this may be modelled in the EXPRESS language. The in-
tention is that this model is built by experts of the product data domain
in question. Data objects and attributes are defined using terminology
well understood in the specific domain.

The Application Interpreted Model (AIM) is the lowest level data
model. AIMs contain the exact same information as the ARMs, but
mapped by mapping specifications to a formally defined and generic
format which is uniform across all usages of the STEP standard. Because
of the complexity and genericness of the STEP standard, such mapping
and encoding is usually done by a STEP expert in cooperation with
domain experts.

The author of this paper has focused on the feasibility of using the
AP209 AIM for structural test data; the formalities of publishing the
findings of this study as part of ISO 10303 are not discussed in detail.
This is a natural next task.

2.3. Application Protocols

Each Application Protocol (AP) focuses on a specific domain or
phase in the product life-cycle. An AP specifies a single ARM to define
its content, which, as described in the previous section, maps to an
interoperable AIM. The AIM objects are defined in what are called
Integrated Resources (IR). These IRs are in turn defined in the several
parts of which the STEP standard consists.

A certain application or software supporting STEP, defines which AP
it covers, that is, which share of the total STEP data model. APs are,
thus, the view of the standard offered to implementors of data ex-
change, sharing and archiving solutions. STEP files refer one or several
APs, but are all based on the same type of data structure, the so called
PDM schema. They have the same high level definitions, allowing SDM

and PDM tools to easily process files from different domains (i.e. CAD,
FEA, manufacturing). STEP has also several managements concepts
(such as requirements, assignments, classifications, roles, activities...)
embedded within certain parts, which can be directly integrated within
a Data Management tool.

Since the initial release of STEP in 1994, AP203 [10] and AP214
[11] have been the most successful Application Protocols, and are now
widely used as exchange formats between CAD and PLM software.

In Fig. 3 we see how entities with inheritance and attributes are
defined in an ISO 10,303 Part which in turn is used by an Application
Protocol. The example shows two high level entities, re-
presentation_item and representation which belongs to Part 43 [12].
This Part has many generic entities that are used by all APs. Each entity
may be a parent (supertype) of multiple entities which are defined in
other Parts that further specializes them. For simplicity the figure shows
a single inheritance branch (representation_item and representation
actually have many child (subtypes) entities defined in other parts).

AP209, which covers the domain Analysis and Design, includes Part
42 [13], Part 43 and Part 104 [14], while AP242 [15], intended as a
CAD format, includes only Part 42 and 43. Both AP209 and AP242
include shares of several other Parts which are not shown in the figure.
Fig. 4 shows how representation, element_representation and sur-
face_3d_element_representation are defined in the standard AP
documents in the EXPRESS language.

A STEP file or database holds a population of instances of these
entities, and can be interpreted by an application that implements the
AP schema; an extract of such a STEP file is included in Section 3.1.

2.4. Application protocol 209

AP209 is called Multidisciplinary analysis and design, and is primarily
meant to specify simulation solver relevant data for exchange, sharing
and archival. An overview of the data that it can represent is shown in
Fig. 5.

Load Cases
- The actual load cases used in the 
analysis with their corresponding loads 
and constrains. 

Test Cases
Test IDs and descrip on of the structural tests.-
References to documenta ons of the corresponding -
tests (or, by future work, standardized STEP 
descrip on of the performed test)

Mesh
- Elements and nodes making up the mesh.

Sensors
- Posi on and orienta on of sensors 
which are mounted on the tested object, 
in the FE Model frame of reference.

Sensor Components
The components making up the -
sensor (for example 2 sensor 
component for a bi-axial sensor strain 
gage).
The orienta on of the components.-

DAQ Equipment Channels
The channel IDs used by the structural -
tes ng equipment when accumula ng 
test results.
Details such as filtering techniques.-

Sensor Type
Descrip on of the type of sensor-

Test Results
The results of each sensor components, of -
each sensor, for each test case.
Descrip on of the type of result data.-

Analysis Results
- Results from each load case for the 
analysis

Tested Object
A representa on of the object that was -
structurally tested.
Reference to it’s CAD design and other -
documenta on.

Results refers to 
corresponding 

load case.

Result to 
element/node 
rela on

1 to 1 rela ons between 
Analysis Load Cases and 
Structural Test Cases

Rela on between the test 
and object on which it is 

performed

Rela on between test and all 
results acquired from the 
sensors used.

Rela on between sensor 
component, and each channel 
used for every test it was used in.

Rela on between each component 
of a sensor and the sensor.

Rela on between each sensor and 
their types.

Rela on between the Test Case 
and all sensors used in that test.

Rela on between the test results 
acquired and the Channel from 
which it originated.

Rela on between each sensor and 
the object on which it is mounted.

Fig. 2. Overview of main data represented in an AP209 model containing Analysis and Structural Test data, and how they relate.
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It covers the representation of composites, analysis definition and
analysis results (FEM and CFD), design (CAD) and more. Note that an
important aspect of AP209 is the capability of not only representing
analysis and design separately, but also allowing the interconnection
between both domains (such as relationships between mesh and loads,
and the design geometry). Most modern FEM and CFD pre-processors
have implemented geometry based mesh generation and load defini-
tions in their applications, but the solver interfaces are still generally
based on traditional ASCII cards formats.

Currently, only linear statics and linear modal analyses are com-
pletely supported in AP209. However, as noted by [16], the standard
was designed to easily be updated to support non-linear analysis, as it
already covers roughly 90% of this problem.

Multiple implementations of the standard have been performed, but
these have been limited in scope, focusing on the exchange of compo-
site data between design, analysis and manufacturing purposes or the
basic FEA model entities. Several of these are summarized in [18].

Ongoing work and implementations of the standard are led by the
LOTAR EAS: Engineering Analysis & Simulation Workgroup [19] which
is co-chaired by Airbus and Boeing. They have been active in promoting
commercial implementation of the AP209 standard with rigorous
testing criteria.

As described earlier, an AP is composed of several STEP parts, which
are principally schema that specify the content, form and structure of a
set of entities (classes). Parts can be used in different APs, therefore

many entities are general in nature. They can be viewed as building-
blocks for representing certain classes of items or concepts. As we will
see in the next section, these building-blocks or entities, can be used, not
only to represent FEA and CAD, but also information concerning
structural testing, as long as the new use of the existing structures is
defined accordingly. The next sections describes an outline of a pro-
posed structure for using AP209 to represent the additional data re-
quired for representing structural testing information. No extensions of
the AP209 standard are suggested, but as will be discussed, future work
may recommend changes or extensions.

3. The higher structure of a combined structural & FEA STEP
model

3.1. Overview

This subsection introduces several key concepts used extensively in
the subsequent sections.

In STEP high level items are represented as a product. By high level
item we mean, an Analysis, a CAD assembly, a CAD part, a manufactured
part etc. A product is a foundational concept that allow an item to be
described, categorized, referenced, tracked, and versioned in ways that
are familiar to modern day product data management users. Items that
would not be considered a product could be a FEM element, a color
definition, a property, a geometric shape etc.

representa on

element_representa on

surface_3d_element_representa on

name
items
context_of_items
id
descrip on

node_list

model_ref
element_descriptor
property
material

PART 104

PART 43

AP209

AP242

representa on_item

geometric_representa on_item

solid_model

name

surface_curve_swept_area_solid

dim

swept_area_solid

swept_area

directrix
start_param
end_param
reference_surface

PART 42

Managed Model-Based 3D Engineering

Mul disciplinary Analysis and Design

representa on_item

Legend

En ty

A!ribute

Supertype – Subtype rela on

Included in

STEP ISO 
10303

PART 43

AP209

STEP Part

Applica on Protocol

Fig. 3. Example of how entities are included in Parts which again are included in Application Protocols.

ENTITY representation;
name : label;
items : SET[1:?] OF representation_item;
context_of_items : representation_context;

DERIVE
id : identifier := get_id_value (SELF);
description : text := get_description_value (SELF);

WHERE
WR1: SIZEOF (USEDIN (SELF, 'BASIC_ATTRIBUTE_SCHEMA.' + 'ID_ATTRIBUTE.IDENTIFIED_ITEM')) <= 1;
WR2: SIZEOF (USEDIN (SELF, 'BASIC_ATTRIBUTE_SCHEMA.' + 'DESCRIPTION_ATTRIBUTE.DESCRIBED_ITEM')) <= 1;

END_ENTITY;

ENTITY surface_3d_element_representation
SUBTYPE OF ( element_representation );

model_ref           : fea_model_3d;
element_descriptor : surface_3d_element_descriptor;
property            : surface_element_property;
material            : element_material;

UNIQUE
ur1 : model_ref, SELF\representation.name;

WHERE
wr1:
wr2:
wr3:
fu1:

END_ENTITY;

ENTITY element_representation
SUPERTYPE OF ( 

ONEOF ( 
volume_3d_element_representation, 
axisymmetric_volume_2d_element_representation, 
plane_volume_2d_element_representation, 
surface_3d_element_representation, 
axisymmetric_surface_2d_element_representation, 
plane_surface_2d_element_representation, 
curve_3d_element_representation, 
axisymmetric_curve_2d_element_representation, 
plane_curve_2d_element_representation, 
point_element_representation, 
directionally_explicit_element_representation, 
explicit_element_representation, 
substructure_element_representation ) )

SUBTYPE OF ( representation );
node_list : LIST [1 : ?] OF node_representation;

WHERE
wr1:

END_ENTITY;

Fig. 4. Extract of the content in the AP209 document. (Some fields are left out for simplicity.)
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The product entity has certain mandatory attributes and related
entities. For example, a product entity must have a version, a context
and a category classifying the product. The detailed data entities that
make up an instance of an analysis or CAD model, relate to a pro-
duct_definition entity. In turn, this product_definition relate to a
product_definition_formation which provides versioning for an in-
stance of a product. These high level product entities also provide links
to the application_context and application_protocol_definition that
identify which STEP schema the data conforms to. Lastly, a variety of
optional information about people, organizations, dates and times and
other related metadata can be linked to these top level product entities.

This structure ensures that an application importing or accessing a
product (such as an SDM tool) can understand what is being imported
before handling the complete model. These high level entities serve to
organize multiple STEP populations within the same system. Multiple
STEP data-sets residing within a database removes the constraint that
they be considered files. The constituents of each model or data set, are
then identified by their relationship to the high level product entities. In
this fashion, complex interrelated data-sets can be constructed which
reduces data duplication.

An extract of a STEP P21 file (ASCII) showing some of these high
level entities can be seen in Fig. 6. As shown, each instance of an entity
has an identifier followed by the entity name. The attributes are en-
closed by parentheses and comma separated. When an entity is an at-
tribute of another entity, it is referenced by this identifier. Throughout
the paper, graphical instantiation of this structure will be used (not to
be confused with EXPRESS-G which is the standardized graphical re-
presentation of the EXPRESS language defined in Part 11). Instances are
represented by boxes with the entity name in capital letters. Arrows
show the referencing between instances. A string beside an arrow
specifies the name of the attribute. In some cases STEP entity structures
can be quite complex. If an entity box has its text in italic, it represents a
simplification of a more complex structure, or a shortening of the entity
name. Bold text beside an entity box is an additional description for the

reader to better relate the graphics to the context.
It is also important to understand that in addition to these high level

entities, many of the low level entities such as nodes, elements and
loads can hold addtional meta-data such as names, labels and descrip-
tions. STEP post- and pre-processors can implement these, to describe
intentions and comments regarding the creation, review and mod-
ification of the model.

3.2. The analysis model

The data structure of an Analysis STEP AP209 data set is well de-
scribed in the Recommended Practices for AP209 [20].

A few details of the data structure will be discussed here, focusing
on the parts that will have a relationship to the structural testing data.

In AP209 the analysis is represented by a product entity, which was
described in the previous section. This analysis product has a version
and a definition. The entity product_definition_shape represents the
shape of the product used for the analysis. The product_definition_-
shape can include the idealization of the CAD model (abstraction),
node sets, and more importantly, from the analysis perspective, the
fea_model_definition. The fea_model_definition is the link to the

Fig. 5. Data which is supported by AP209 [17].

(...)
#42= PRODUCT(‘1234’,’winglet analysis','',(#44));
#53= PRODUCT_DEFINITION_FORMATION('v.2','',#42);
#59= PRODUCT_DEFINITION(‘winglet analysis fine mesh',$,#53,#60);
#70= PRODUCT_RELATED_PRODUCT_CATEGORY('linear_static_analysis',$,(#42));
#44= PRODUCT_CONTEXT('design_context',#1,'design_context’);
(...)

PRODUCT

PRODUCT_DEFINITION_FORMATION

PRODUCT_DEFINITION

PRODUCT_RELATED_PRODUCT_CATECORY

PRODUCT_CONTEXT
#42

#53

#59

#70
#44

products

frame_of_reference

Analysis Definition

Analysis Version

Analysis

Fig. 6. Left: Extract of a STEP P21 file. Right: Graphical representation used in
this paper.
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nodes and elements making up the mesh shape and additional FEA
related information. The whole analysis definition is then built up of
entities linked to one another to give structure and meaning to the data.

Analysis load cases in AP209 are represented by con-
trol_linear_static_analysis_step entities that relates different states.
Each state is a collector of loads, constraints or other nested states.
Section 6.3 shows how the model relates the states to the actual test
cases.

3.3. The structural test model

Fig. 7shows the high level structure of the FEA model. Fig. 8 in-
troduces a similar structure representing the object that is being tested.
The product in this case is the tested part which also has a version,
definition and shape. The two versions are linked via relationship en-
tities. The shape may be linked to the same Nominal Design data set,
which is already related to the Analysis forming a consisten data set.
The product being tested could be related to its own unique design
version of needed.

Another product represents all the result data from all tests that
relates to load cases in the Analysis Model. This product has a version as
well, and multiple definitions with each representing the results from
individual structural tests.

The sensors and the tests are also represented by STEP entities. The
sensors are related to the tested part product, while the tests relate the
sensors and the test results. Sensors and test representations are further
discussed in Sections 4 and 5 respectively.

4. Sensors

There exists a wide variety of sensors such as strain gages, accel-
erometers, vibration sensors, displacements sensors and more. Many of
these are assemblies of multiple sensors, for example a triaxial gage is
just three sensors assembled together with specified angles between
them.

To generically cover all types of sensors we represent each sensor as
an assembly of multiple sensor components. Each sensor assembly and
each component has its own product with a definition holding prop-
erties.

To avoid repetitive information, we introduce a product re-
presenting the type of sensors used. As an example, the specification of
a tri-axial strain gage of a specific type, brand and model would be
represented by one sensor type product. For each sensor of this type,
mounted on the tested part, there exists a sensor assembly product
having three individual sensor component products.

Each of the representations, sensor, sensor component and sensor
type, are able to hold properties. Properties that are related to the
sensor assembly:

1. Position: the position based on the coordinate system of the FE
model

2. Orientation: the orientation of the sensor in the FE model
3. Reference Element: the element (or a set of elements) in the ana-

lysis model on which the sensor is placed
4. Element Face ID: an ID (or a set of IDs) representing the face of the

elements on which the sensor is placed

Properties that are related to the sensor components:

1. Direction: the direction of the sensor component in the FE model
2. ID: An ID to number the sensor component

The definition of the complete set of properties for the sensor type is
still ongoing. However suggested properties are:

1. Sensor Type: Strain gage / Accelerometer / Displacement Sensor
2. Sensor Description: Further description of the sensor type
3. Manufacturer: The name of the manufacturer
4. Model name: The model name of the sensor type
5. Number of sensor components: a number specifying the number

of sensor components
6. Angles: For strain gages, a set of angles defining the angles between

each sensor components

All these properties typically originate from different input sources,
but are now contained within the same AP209 model and this facilitates
the storing, organizing and sharing of the complete data set. Additional
properties are planned to be added in future work to hold a compre-
hensive description of the sensors.

Properties that relates to the sensors, but are test case dependent are
defined differently. For example filtering techniques performed on the
data by the DAQ System (Data Acquisition system) are not necessarily
the same for every usage of the sensor. These properties are related
directly to the result data which we cover in the next section.

An example of how the sensor data structure can look in a STEP
model is shown in Fig. 9. Note that the reference element property of the
sensor assembly is a direct link to the actual element in the FE model,
providing traceability between analysis and testing in the same model.

5. Structural tests

In STEP the generic entity action will be used to represent the action
of performing a structural test. The items used in the test are assigned to
this entity by a applied_action_assignment, which in turn assigns each
item a role of input or output to the action. The input items to the test are
the sensors and the tested part, while the output is the sensor result data
for that particular test.

The action_method is the link to the description of how the test was
performed. This could be in the form of a reference to a certain external
document, or in a more structured form with STEP entities. The work

PRODUCT

PRODUCT_DEFINITION_FORMATION

PRODUCT_DEFINITION

The analysis

Version

Defini�on of the analysis

PRODUCT_DEFINITION_SHAPE Shape

FEA_MODEL_DEFINITION

SHAPE_DEFINITION_REPRESENTATION

mul�ple “shapes”

The FEM model (mesh, load cases, constrains, results etc)

Idealized or design model (CAD)

Fig. 7. High level entities in the Analysis Model.
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related to this is ongoing and is not presented in this paper.

6. Structural Test data

6.1. Structural test results

The original test result data coming from the test equipment soft-
ware will typically be in the form of Excel files or other proprietary
formats. The data can be extremely large, and it is generally expected
that it has been filtered before being converted or imported to this STEP
model.

The storing of test data in STEP is based on Part 50 Mathematical
constructs [21]. The entity listed_real_data holds the values, but the
complexity of this portion of the STEP standard requires multiple other
entities to define what kind of data is held within it. The details of this
data model are outside the scope of this paper, but readers are en-
couraged to review the Part 50 documentation. For simplicity we will
define the entity data_array to represent an array of values. The in-
formation within this entity is an array of result data corresponding to
the data output from one sensor component for one test case, the type of

data (i.e. strain or displacement) and the size of the data. Theda-
ta_array relates to a property_definition allowing us to use the result
data as a property to other entities.

As seen in Fig. 11, relationships are used to group the proper-
ty_definition and data_array results from each sensor component to
property_definitions corresponding to the whole test case. The test
case property_definitions reference the corresponding product_defi-
nition of the output data. These property_definitions are the same as
those labeled as output of the action in Fig. 10.

Fig. 12is a combination of both Figs. 10 and 11 showing the overall
relationship between the individual sensor results and the test actions.

6.2. Structural test result properties

In addition to the sensor properties presented in Section 4, we will
now look at properties that are related to sensors, but that may vary for
each test case. They are typically properties originating from the DAQ
equipment and software used for retrieving test data.

This applies to properties such as:
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Fig. 9. Example of data structure for sensor with three sensor components (only one is shown).
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Fig. 10. Data structure for a test performed on a part
with three sensors, resulting in a certain test result.
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1. The channel ID from the test Equipment
2. Filtering Techniques
3. Sample Rate
4. Scaling
5. Gage Factor

The use of relationships between property_definitions is again
used to include these test case dependent properties. This is illustrated
in Fig. 13.

6.3. Structural test relation to analysis load case

In Section 3.2 we presented how load cases are defined in an Ana-
lysis Model. The test cases are related to load cases via the action_-
view_relationship entity. This entity relates a discretized model (the
analysis load case) to an idealized action (the test action that is being
idealized) (Fig. 14).

7. Model development methodology

As AP209 is primarily meant to store and share CAD and simulation
data, structural testing was not part of its original design. The first
question when investigating the use of this standard for another domain
such as structural testing, was if the standard itself required an exten-
sion: Does additional entities and types need to be added to the AP209
schema?

To answer the above, a careful examination of the AP209 schema
was performed to get a detailed overview of which type of data the data
model can represent. A good understanding of the whole schema was
acquired during the development of a converter to translate FEM ana-
lyses in Nastran format to AP209.

The next step was to define which type of data from the structural
testing domain needed to be included in the data model. These data
types were then mapped to AP209 elements (entities, attributes, data
types etc.). Careful attention was given to how to relate this domain to
the analysis elements.

As noted previously, many of the STEP elements are generic, and
can be used to represent a wide variety of data. However, the pre- and
post-processors need to know how to interpret these generic constructs.
An example is the entity action, a generic item, but with certain at-
tributes to specify what the action represents (here, used to define the
test case). This is where the Application Reference Model (as briefly
discussed in 2.2) and documents such as Recommended Practices are
required to specify the data model semantics.

The standard itself contains the formal description of every STEP
element, while the Recommended Practices describe how it is intended
to be used and implemented in applications. Such an implementors’
guide is currently being developed for the testing domain to formally
describe all the details presented here. In addition, to properly and
formally introduce the results of this paper to the STEP standard, and
make it available to the structural testing community, the AAMs and
ARMs and their mapping to the AIM need to be developed. This would
possibly also involve the introduction of new entity subtypes specifi-
cally for the domain of structural testing. The ARM shall include the
concepts that are specific to the structural testing domain; they shall be
mapped to the STEP resources as described in this paper. But for the
purpose of this initial study, no extension of the standard is required.

After the mapping was defined from the test data to AP209 entities,
another converter was created. This converter uses the results from
structural tests in .csv format as well as files defining the sensors and
test cases as input. The converter directly creates STEP data in an
AP209 database (using Jotne’s tools EDMS [23] and EDMopenSimDM
[24]). The analysis related to the test case already resides within the
database, allowing the converter to access it and create direct links
between the new structural test data population and the analysis model.

The Simulation Data Management use case discussed in the in-
troduction would utilize this converter function to construct a complete
view of the product. A prototype is being performed to validate the
usage of the model. An airplane winglet has been designed, simulated,
manufactured and tested to imitate the different phases of product
development. The data of each phase has been either exported or
converted to STEP AP209 and imported to the EDMopenSimDM
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Fig. 12. Data structure showing relation between sensor results, sensors and tests. Here we have two tests and 2 sensors. One of the sensors (sensor 2) is used in both
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application (Figure 15). This application uses AP209 as its database
schema. The tool is being further developed to let the user access and
manage the federated data.

8. Conclusion

We have now shown how the structural test related data can be
represented in the AP209 data model, and how the relevant pieces of
data can be connected to an engineering analysis and its results.

The purpose of SDM software is to manage and provide an overview
of all the information related to simulations and give quick access to
specific data. Having all the different aspects of the product in a con-
sistent schema in a single database enables exactly this. If implemented
properly, it enables the enterprise to utilize this data without having to
open files in their original software.

Accessing information can easily be done by executing simple query
functions on the single consistent and comprehensive data set.
Examples of queries could be, retrieving the type of sensor used, the
location of it on the mesh, getting the result data from a particular
sensor for a particular test, and comparing it to the corresponding
analysis results. Different views on the AP209 population can be im-
plemented, such as an overview of all sensors that were used in a
specific test, and their result values in both analysis and testing.

Besides representing contents data of analyses and structural tests,
AP209 also provides the resources for data management. This includes
defining who created a model, who accepted it, deadlines, tasks to be
performed etc. These specifications can be directly linked to the entities
that describes the analysis and structural test contents within the data
sets.

The complete data set can then be exported to ASCII or binary STEP
files that are compliant with the LOTAR (Long Term Archiving and
Retrieval) specifications [22]. The resulting information can be shared
with other systems conforming to the these standards, which enables
project information to be archived or retrieved with all data still being
traceable. To make the results of this study available to the structural
testing community, AP209 should be updated and published as a new
edition. The STEP resources seem to be sufficient to capture the in-
formation requirements discussed in this paper, but the AAM, the ARM
and the mapping specification will need to be updated.

References

[1] 1994. ISO 10303-1:1994 Industrial automation systems and integration – Product
data representation and exchange – Part 1: Overview and fundamental principles.

Geneva (Switzerland): International Organization for Standardization (ISO).
[2] ISO 10303-209:2014 industrial automation systems and integration – product data

representation and exchange – part 209: application protocol: multidisciplinary
analysis and design. geneva (switzerland): international organization for standar-
dization (ISO). 2014a.

[3] FAA-21-48 - using electronic modeling systems as primary type design data, u.s.
department of transportation, federal aviation administration. 2010.

[4] ISO 10303-11:2004 industrial automation systems and integration – product data
representation and exchange – part 11: description methods: the EXPRESS language
reference manual. geneva (switzerland): international organization for standardi-
zation (ISO). 2004.

[5] ISO 10303-21:2016 industrial automation systems and integration – product data
representation and exchange – part 21: implementation methods: clear text en-
coding of the exchange structure. geneva (switzerland): international organization
for standardization (ISO). 2016.

[6] ISO 10303-22:1998 industrial automation systems and integration – product data
representation and exchange – part 22: implementation methods: standard data
access interface. geneva (switzerland): international organization for standardiza-
tion (ISO). 1998.

[7] ISO 10303-23:2000 industrial automation systems and integration – product data
representation and exchange – part 23: implementation methods: C++ language
binding to the standard data access interface. geneva (switzerland): international
organization for standardization (ISO). 2000a.

[8] Kramer T, Xu X. STEP In a nutshell, in: advanced design and manufacturing based
on STEP. London: Springer - Verlag London Ltd.; 2009.

[9] Anonymous. STEP application handbook ISO 10303 version 3, SCRA, north char-
leston, south carolina, USA. 2006.

[10] ISO 10303-203:2011 industrial automation systems and integration – product data
representation and exchange – part 203: application protocol: configuration con-
trolled 3d designs of mechanical parts and assemblies. geneva (switzerland): in-
ternational organization for standardization (ISO). 2011a.

[11] ISO 10303-2010:2001 industrial automation systems and integration – product data
representation and exchange – part 214: application protocol: Core data for auto-
motive mechanical design processes. geneva (switzerland): international organi-
zation for standardization (ISO). 2010.

[12] ISO 10303-43:2011 industrial automation systems and integration – product data
representation and exchange – part 43: Integrated generic resource: representation
structures. geneva (switzerland): international organization for standardization
(ISO). 2011b.

[13] ISO 10303-42:2014 industrial automation systems and integration – product data
representation and exchange – part 42: integrated generic resource: Geometric and
topological representation. geneva (switzerland): international organization for
standardization (ISO). 2014b.

[14] ISO 10303-104:2000 industrial automation systems and integration – product data
representation and exchange – part 104: integrated application resource: Finite
element analysis. geneva (switzerland): international organization for standardi-
zation (ISO). 2000b.

[15] ISO 10303-242:2014 industrial automation systems and integration – product data
representation and exchange – part 242: application protocol: managed model-
based 3d engineering. geneva (switzerland): international organization for stan-
dardization (ISO). 2014c.

[16] Hunten KA. CAD/FEA Integration with STEP AP209 technology and implementa-
tion. MSC aerospace users conference proceedings. 1997. http://web.mscsoftware.
com/support/library/conf/auc97/p01297.pdf[accessed 18 january 2018]

[17] PDES Inc., ISO 10303-209 ”Multidisciplinary Analysis and Design”, http://www.
ap209.org/introduction (accessed on 16 January 2018).

[18] Hunten KA, Feeney AB, Srinivasan V. Recent advances in sharing standardized STEP

Design - CAD Data

Analysis – FEM Model
FEM Results

Test prepara�on – Gage & Test Defini�on Data

Tes�ng – Catman Data

Idealized Shape – CAD/FEA Data
SDM Database

Analysis

AP209 Data Model

Design

AP209 Data Model

Idealized Shape

AP209 Data Model

Structural Test

AP209 Data Model

Fig. 15. Different AP209 data sets imported to the SDM tool.

R. Lanza et al. Advances in Engineering Software 127 (2019) 96–105

104

64 Main publications



composite structure design and manufacturing information. Comput.-Aided Des.
2013;45:1215–21.

[19] LOTAR (long term archiving and retrieval). LOTAR EAS: engingeering analysis &
simulation workgroup. http://www.lotar-international.org/lotar-workgroups/
engineering-analysis-simulation/scope-activities.html(accessed on 19 January
2018).

[20] Hunten KA. Recommended practices for AP209ed2 10303-209:2014. CAx im-
plementor forum. 2016.

[21] ISO 10303-50:2002 industrial automation systems and integration – product data
representation and exchange – part 50: integrated generic resource: mathematical
constructs. geneva (switzerland): international organization for standardization
(ISO). 2002.

[22] NAS9300-001, long term archiving and retrieval of digital technical product doc-
umentation such as 3d, CAD and PDM data : part 101: structure, aerospace in-
dustries association of america inc.2017.

[23] EDMS (version 2.100.15) [STEP Data Manager software], Jotne EPM
Technology AS.

[24] EDMopenSimDM (version 14.0) [Simulation Data Manager software], Jotne EPM
Technology AS.

Remi Lanza completed his in M.Sc. in Mechanical
Engineering in 2015 within the field of finite element
analysis. Remi later acquired an interest for computer sci-
ence, and joined Jotne EPM Technology in 2016 where he
started his industrial Ph.D., which is a collaboration project
between the Norwegian University of Science and
Technology (NTNU) and Jotne. While pursuing his Ph.D.,
Remi has been exposed to several of the STEP ISO 10303
standards, especially STEP AP209. His initial research in-
volves the usage of AP209 to facilitate data management
and retention of simulation data and structural test data.

Jochen Haenisch leads the Aeronautics, Defence and
Space business area in Jotne EPM Technology. He has
contributed to and managed many implementations of the
Jotne data interoperability tool EXPRESS Data Manager.
These applied various STEP standards including ISO 10303-
209 (Multidisciplinary analysis and design), ISO 10303-214
(automotive), ISO 10303-239 (product lifecycle support,
PLCS) and ISO 15926 (oil&gas). In 1990 he entered into the
ISO Subcommittee for Industrial Data, ISO/TC 184/SC 4,
for many known as STEP. He regularly attends their plenary
meetings as head of delegation for Norway. Currently he is
deputy convenor of WG12, Common Resources.

Mr. Kjell Bengtsson, is a Vice President at Jotne, has a
Mechanical Engineering background and a diploma in
Marketing. He started out at Volvo Car and General Electric
doing CAD/DB applications and later management posi-
tions, and is now VP at Jotne EPM Technology. Kjell has
been exposed to STEP, PLCS and other related standards for
the last 25 years and is actively involved in neutral data-
base implementation projects in the most complex defense
and aerospace sector projects. Kjell is a Member of the
Board of PDES, Inc and supports other industry organiza-
tions like AIA/ASD, NIAG (NATO), FSI and more.

Prof. Rølvåg was born in Mo I Rana, 16/10-1963. Rølvåg
holds a M.Sc. and a Ph.D. within finite element dynamics of
elastic mechanisms and control from NTH. His publications
are mainly within non-linear finite element dynamics and
active damping of elastic mechanisms. He has been central
in developing FEDEM, a finite element based modeling and
simulation tool with multidisciplinary capabilities (see
www.fedem.com). He has also established several en-
gineering companies and optimized products for the auto-
motive, offshore and aerospace industries. Prof. Rølvås re-
search interests cover computer science applied for
engineering applications focusing on simulation of behavior
and strength of electromechanical products.

R. Lanza et al. Advances in Engineering Software 127 (2019) 96–105

105

A.1. Paper 1 - Relating Structural Test and FEA data with STEP AP209 65



66 Main publications

A.2 Paper 2 - ISO 10303 AP209 - Why and how to embed nonlinear
FEA





Contents

Vitae 2

Abstract 3

1 Introduction 3

2 The STEP ISO 10303 Standard 5
2.1 How STEP enables interoperability of engineering data . . . . . . 5
2.2 Analysis of the industrial relevance of AP209 . . . . . . . . . . . 8

3 State of the art of existing AP209 implementations 10
3.1 Early implementations . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 CAx-IF and LOTAR . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 TERRIFIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.4 Cloudflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.5 VELaSSCo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.6 CAxMan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.7 CRYSTAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.8 Arrowhead Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4 Recommended FEA extensions to AP209 12
4.1 FEA requirements for AP209 . . . . . . . . . . . . . . . . . . . . 12
4.2 Recommended extensions . . . . . . . . . . . . . . . . . . . . . . 15

5 Conclusion and future work 17

Appendix A Solver analysis parameters 25

Appendix B Contact parameters 31

1

A.2. Paper 2 - ISO 10303 AP209 - Why and how to embed nonlinear FEA 67



Remi K.S. Lanza
Jotne EPM Technology AS & Norwegian University of Science and Technology

Remi Lanza completed his in M.Sc. in mechanical engineering in 2015 within the field
of finite element analysis. Remi later acquired an interest for computer science, and
joined Jotne EPM Technology in 2016 where he started his industrial PhD, which is
a collaboration project between the Norwegian University of Science and Technology
(NTNU) and Jotne. While pursuing his PhD, Remi has been exposed to several of the
STEP ISO 10303 standards, especially STEP AP209. His initial research involves the
usage of AP209 to facilitate data management and retention of simulation data and
structural test data.

Terje Rølvåg
Norwegian University of Science and Technology

Prof. Rølvåg was born in Mo I Rana, 16/10-1963. Rølvåg holds a MSc. and a Ph.D.
within finite element dynamics of elastic mechanisms and control from NTH. His pub-
lications are mainly within non-linear finite element dynamics and active damping of
elastic mechanisms. He has been central in developing FEDEM, a finite element based
modeling and simulation tool with multidisciplinary capabilities (see www.fedem.com).
He has also established several engineering companies and optimized products for the
automotive, offshore and aerospace industries. Prof. Rølvås research interests cover
computer science applied for engineering applications focusing on simulation of behavior
and strength of electromechanical products.

Jochen Haenisch
Jotne EPM Technology AS

Jochen Haenisch leads the Aeronautics, Defence and Space business area in Jotne EPM
Technology. He has contributed to and managed many implementations of the Jotne data
interoperability tool EXPRESS Data ManagerTM. These applied various STEP stan-
dards including ISO 10303-209 (Multidisciplinary analysis and design), ISO 10303-214
(automotive), ISO 10303-239 (product lifecycle support, PLCS) and ISO 15926 (oil&gas).
In 1990 he entered into the ISO Subcommittee for Industrial Data, ISO/TC 184/SC 4, for
many known as STEP. He regularly attends their plenary meetings as head of delegation
for Norway. Currently he is deputy convenor of WG12, Common Resources.

Kjell A. Bengtsson
Jotne EPM Technology AS

Mr. Kjell Bengtsson, is a Vice President at Jotne, has a Mechanical Engineering back-
ground and a diploma in Marketing. He started out at Volvo Car and General Electric
doing CAD/DB applications and later management positions, and is now VP at Jotne
EPM Technology. Kjell has been exposed to STEP, PLCS and other related standards
for the last 25 years and is actively involved in neutral database implementation projects
in the most complex defense and aerospace sector projects. Kjell is a Member of the
Board of PDES, Inc and supports other industry organizations like AIA/ASD, NIAG
(NATO), FSI and more.

2

68 Main publications



ISO 10303 AP209 - Why and how to embed nonlinear
FEA

R.Lanzaa,b,∗, J.Haenischa, K.Bengtssona, T.Rølvågb

aJotne EPM Technology AS, Grenseveien 107, 0663 Oslo, Norway
bNorwegian University of Science and Technology, Richard Birkelandsvei 2B, Trondheim,

Norway

Abstract

ISO 10303 STEP AP209 edition 2 [1, 2] is a data model standard intended for
data exchange and storage of simulation information. The standard has a wide
coverage of FEA (Finite Element Analysis) information, but is missing certain
features such as nonlinear FEA. This paper gives an introduction to the STEP
AP209 standard and presents projects in which AP209 has been implemented.

The study then identifies requirements that should be supported by a stan-
dard FEA data model, but are not fully covered by AP209. Each requirements
are discussed in the context of how they are supported by existing major solver
applications. Without giving detailed solutions for how these should be imple-
mented in AP209, starting points for further research is suggested.

Keywords: STEP ISO 10303, FEM Analysis, Nonlinear FEA, Data Exchange,
Simulation Data Management

1. Introduction

Nowadays all aspects of life involve information that is stored digitally as
data. In the industry or privately, data is stored as files on hard-drives either
locally, on servers, or dispersed in cloud systems. The average person may be
interested in where their data is stored, but not necessarily how it is stored.
We rely on the availability of applications to be able to open our files and to
interpret their formats to view or edit the information. The reason we can use
different software from different providers for these tasks on the same files, are
the defined file formats. File format definitions are either open, that is, publicly
available, or proprietary. Anyone may create applications to access the content
of files in open formats; the details of proprietary formats are only known to
a few and are kept confidential for business reasons. From a user’s point of
view, open formats are more attractive as they usually give a wider selection of
applications to choose from and, thus, more user control over the data.

For instance; image files can be stored in formats well defined by standards
such as JPEG[3], PNG[4], BMP[5] etc., and are therefore understood by many
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applications. The same applies to music, video and text documents. In indus-
trial domains, we can find open formats for 2D and 3D models such as, DXF[6],
OBJ[7], STL[8], X3D[9] etc.

The more complicated and rich the data is, the more advanced becomes the
data format.

Engineers depend on tools for many different and advanced domains, such
as, CAD (Computer Aided Design), FEA (Finite Element Method), CFD (Com-
putational Fluid Dynamics), photometric simulation, control engineering, elec-
tronic circuit design, etc. For each domain, the engineer may choose from multi-
ple tools from different providers. Companies will usually select the application
that best supports their work-flows.

Some of these application may only support proprietary formats, some may
use standard formats, and others may support both. However, the standard
format will usually only cover a subset of the application information scope.

Depending on the selected applications, exchanging engineering data across
different parties within the same engineering domain or among different do-
mains often leads to unnecessary additional work. When cooperation between
different engineering teams requires information to be transferred between two
non-interoperable applications, conversions or redundant input of data are nec-
essary.

In the context of CAD data, many CAD software vendors have implemented
standard formats for import and export. However, CAD applications may offer
data types and user operations that only exist within that tool. These special
features may lead to limitations on how big parts of the application data model
can be shared by a standard data model. Anyway, a standard that covers the
majority of the data would still greatly simplify CAD file exchanges.

Multiple open formats support CAD data exchange. Most of these are lim-
ited to a certain subset of geometric definitions. [10] and [11] summarizes and
compares some of the most broadly adopted 3D model formats. The most widely
implemented and used non-proprietary exchange format for CAD [12], is ISO
10303 [1] (commonly known as STEP). It includes a wide variety of geometric
and topological definitions and links those to PDM (Product Data Management)
information, other engineering domains and product lifetime data in general.

The benefit for CAD users, from vendors implementing such a standard,
is that it enables them to share models across multiple CAD tools. Standard
formats such as STEP are also backwards compatible with newer versions. This
is not always the case for the proprietary formats, which may modify their
format with new releases, unabling the opening of files from previous versions.

Despite having been a crucial part of product development for many decades,
FEA applications rarely offer standard exchange formats.

Data is exchanged between different solvers, but often only mesh data is
well implemented in export and import. Analysis information, such as load case
definitions, loads, boundary conditions and additional analysis specific data,
often need to be exchanged manually or through custom routines. Some solvers
will accept NASTRAN and Abaqus input file formats to import and export such
analysis information, in addition to mesh data, but often with limited scope.

A widely implemented FEA standard will give the same benefit the CAD
domain already has; to allow engineers to share between, and work across, FEA
solvers from different vendors. Equivalently significant, is the ability it gives
to archive FEA information to be retrieved in the future, regardless of the
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originating application releasing new versions.
The mentioned STEP standard does have considerable support for FEA

through one of its Application Protocols known as AP209 [2].
Other attempts for defining a standard format for simulation data are FEMML

[13, 14, 15], SysML [16] and PAM [17].
The purpose of this study is to give an overview of STEP AP209 and its

capabilities, as well as identifying some missing domain coverage of FEA. Focus
is given to nonlinear FEA, and without going in details, initial suggestions are
given for how potential extensions to the standard could be done.

The paper is organized as follows; section 2 gives an overview of the STEP
standard and AP209. Section 3 presents completed and ongoing use cases and
projects where AP209 has been applied. In section 4 concepts that AP209 does
not cover are identified and discussed with respect to how they are supported in
major FEA solvers. Finally section 5 concludes the study and suggests future
work.

2. The STEP ISO 10303 Standard

2.1. How STEP enables interoperability of engineering data
As discussed in section 1, standard formats simplify reuse of data by provid-

ing portability that enables data file exchange and database sharing. The goal
of STEP is to offer to the public a consistent suite of data definitions for all
major engineering domains. Being consistent, means that interoperability is not
only possible within the same domain, but also between overlapping domains.
For example, the subsets of STEP that are known as AP203[18], AP214[19] and
AP242[20] cover among others, CAD and PDM data. Part of the definitions
used in these subsets, such as the definitions of geometric surfaces, are also rel-
evant in the FEA domain. AP209, a superset of AP242, has, in addition to all
the content of AP242, support for FEM and other simulation types. PDM in-
formation, which links data of all domains into consistent product descriptions,
is part of all subsets of STEP, that is, Application Protocols.

The structure of the STEP standard is relatively complex; a short intro-
duction is therefore included here. Other suggested resources to get a better
understanding are; STEP in a Nutshell [21], chapter 2 of Relating structural test
and FEA data with STEP AP209 [22] and STEP Application Handbook [23].

The standard is managed by ISO [24] as the ISO 10303 series and is divided
in a set of several hundreds documents. The documents are organized into
categories, such as; Description methods, Implementation methods, Integrated
application and Integrated generic resources (IR), Application modules (AM)
and Application protocols (AP). Figure 1 shows this classification.

The main concept of the standard is that it defines a data model; this con-
sists of a set of entity data types and other supporting data types. An entity
is essentially the same as a class in an Object-Oriented language; it can inherit
from other entities and hold attributes. Each attribute is of either an entity
data type or any other data type. An example of an entity is surface_3d_
element_representation, which defines a FEM 3D surface element by refer-
encing nodes. It inherits from the entity element_representation and adds
surface specific attributes, such as, element properties and material. The EX-
PRESS data model for these entities are seen in Listing 1. The details of data

5

A.2. Paper 2 - ISO 10303 AP209 - Why and how to embed nonlinear FEA 71



Figure 1: Overview of STEP ISO-10303 documents. Each layer shows examples of documents.
Documents in a layer may reference documents in lower layers.

model constraints in so called "where"-rules (WR) and functions (FU) are left
out for simplicity.

ENTITY element_representat ion
SUPERTYPE OF (ONEOF( l e f t out f o r s imp l i c i t y ) )
SUBTYPE OF ( r ep r e s en t a t i on ) ;

node_l i s t : LIST OF node_representat ion ;
WHERE

WR1: ( l e f t out f o r s imp l i c i t y )
END_ENTITY;

ENTITY surface_3d_element_representat ion
SUBTYPE OF ( e lement_representat ion ) ;

model_ref : fea_model_3d ;
e l ement_descr iptor : surface_3d_element_descr iptor ;
property : surface_element_property ;
mate r i a l : e lement_mater ia l ;

UNIQUE
UR1 : model_ref , name ;

WHERE
WR1: ( l e f t out f o r s imp l i c i t y ) ;
WR2: ( l e f t out f o r s imp l i c i t y ) ;

6

72 Main publications



WR3: ( l e f t out f o r s imp l i c i t y ) ;
FU1 : ( l e f t out f o r s imp l i c i t y ) ;

END_ENTITY;

Listing 1: EXPRESS model of element_representation and surface_3d_element_
representation

The generic and application IR documents are the foundation of the STEP
product model and hold also the formal definitions of the entities and data types.
An important part of the STEP standard is that these definitions are written in
a formal lexical and graphical data modeling language, EXPRESS, which is itself
defined by the standard in the Description methods documents as ISO 10303-
11[25]. Definitions written in EXPRESS, are computer readable (as well as hu-
man readable), and may be processed by software applications. The AM docu-
ments reference and may add semantics to the content from the IR documents.
These are used by APs that are built by the modular approach (AP239[26],
AP242) vice the monolithic approach (AP209, AP235[27], AP238[28]). For a
monolithic AP, the information model is specified as an integral part of the AP
document. For a modular AP, the information model is specified by reference
to a top level AP module that references a tree structure of AMs.

An application that supports STEP does this by reference to a specific Appli-
cation Protocol (AP). For example, most CAD software supports one or multiple
of the APs; AP203, AP214 and AP242. Each AP is described in its own doc-
ument in which it defines a data schema. The AP reference content from the
generic IR, application IR and AM documents. An AP, thus, groups, special-
izes, and adds to content from the STEP resources for a specific engineering
domain and/or product life-cycle stage.

From a developer’s point of view, if an application is to support a certain
AP, the AP schema is the core specification from which the service is developed.
As the schema is written in EXPRESS, APIs and frameworks may be generated
by the developer, or already existing third-party applications may be resused.

The process of creating interfaces, is also, to some extent, standardized by
STEP. The standard specifies a generic interface (SDAI; Standard Data Acess
Interface) to access STEP data stored in a database systems that uses EXPRESS
schemas as basis for their database dictionaries. For certain languages (C, C++,
Java), the standard also specifies how to generate an interface layer on top of
the SDAI interface, specifically for allowing applications to work with STEP
databases. This greatly simplifies the implementation of the standard. Some
implementations and analyses of STEP interfaces are presented in [29], [30], and
[31].

PDM and SDM applications, which may cover multiple engineering domains,
can implement multiple APs. An overview and discussion on the STEP standard
in the context of PDM is presented in [32]. Multiple implementations of PDM/-
PLM (Product Lifecycle Management) systems using STEP as a database back-
bone and for data exchange are outlined in [33, 34, 35, 36, 37]. A SDM/PDM
implementations using an extended AP209 schema is presented in [38, 39].

As all APs are based on the same low level details of product structure, prop-
erties, units, etc., the application may create direct references between models
of the different APs. For example, a SDM application may accept both CAD
and FEA STEP models and hold relations between them, such as, an applied
FEA force on a CAD edge or a set of finite elements on a geometric surface.
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Applications with such functionality currently only exist using proprietary for-
mats. The data may be stored and exchanged as an ASCII STEP file [40] or as
a binary database [41] based on the schema of the AP.

The most common APs used in the industry are AP203, AP214 and AP242,
whereas AP203 and AP214 are by now deprecated, and are replaced and upward
compatible with AP242.

These are supported by most CAD applications and by some PDM/PLM
applications.

2.2. Analysis of the industrial relevance of AP209
The Application Protocol AP209 (ISO 10303-209) has the tittle Multidis-

ciplinary Analysis and Design. The newest version of AP209 is called AP209
edition 2 (or AP209e2), and AP209 edition 3 is currently being developed. In
this paper, AP209e2 will be referenced as just AP209. The purpose of this part
of the STEP standard is to serve as:

1. A file format to share
data between simulation
solvers.

2. A database schema for
PDM and SDM applica-
tions to integrate, share,
and archive simulation
data, independent of any
proprietary format.

Solver A Solver B

PDM/SDM

STEP files

STEP files STEP files

Storage and 
archiving of
STEP data

STEP Database

Figure 2: AP209 for file exchange and database integra-
tion and storage.

The AP209 standard has not yet been widely implemented by FEA tool ven-
dors, but several trial implementations by different vendors and organizations
exists. Some of these implementations are described in section 3.

One of the major benefits of a universal data exchange format for FEA
(and other domains) is the reduction in number of converters required for an
application. As shown in Figure 3 the number of converters required for an
engineering process expands more than linear when the number of involved
applications with proprietary formats grows. Without a central format, the

number of two-way converters for a single application is calculated by:
Nf−1∑
n=1

n

where Nf is the number of formats. With a central format, the number of
converters for all involved applications is equal to the number of applications.

There are many possible reasons for why AP209 or other FEA standard
formats have not been widely implemented, some of which are:

1. Vendors want to keep their customers
• Naturally, vendors want their customers to use their software as much

and as long as possible. Rather than focusing on interoperability with
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Figure 3: AP209 as a central format.

other systems, the focus is on interoperability within the vendor’s
suite of applications.

2. A data exchange standard is not interesting for a vendor before it is a user
requirement.

• As long as a data exchange standard is not widely used or is an out-
spoken user requirement, it is difficult to justify spending resources
on implementing it. It is easy to see here the danger of a dead-
lock situation; a standard will not be widely used before it is widely
implemented. This may be resolved by powerful user organizations,
such as government bodies or industry associations who demand such
solutions.

3. STEP ISO 10303 is a complicated standard
• STEP covers many large and complex engineering domains, and even

understanding just a subset of the standard, still requires knowledge
of its overall intention and structure.

4. FEA is a complicated domain
• FEA is a very large discipline, and not every aspect of it is imple-

mented in the exact same manner. A FEA solver calculates the
simulation results by solving a huge number of equations. Different
mathematical optimization methods may be used for this, and these
may vary across solvers. Conceivably they should give the same re-
sults, but small discrepancies will occur. This is especially true for
nonlinear solvers, where the algorithms are significantly more com-
plex than for linear ones.
Many solvers will also have functions for automatic time stepping,
where solution time steps are decided by the solver based on cer-
tain criteria. These decisions and criteria will also depend on the
particular solver implementation.
Other examples are how the solver decides whether the solution has
converged, how many iterations are used in a solution step, how
element contact algorithms are implemented, and many more. All
of these may have parameters for fine tuning the methods. In some
solvers these may be fixed, in others they may be user specified, which
across the solvers may have varying default values.
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5. STEP AP209 has a limited scope
• AP209, at its current state, is designed to cover linear static and

linear modal analysis, while also being capable to be extended to
cover nonlinear analysis.
As stated in [42] the scope of AP209 "...will address 60 to 90 percent
of the analysis needs of an enterprise." and "roughly 90 percent of
the nonlinear problem is addressed at the present time".
The majority of all FEM analyses done are linear static. According
to [43] this could be as much as 90%. However, for AP209 to gain
more interest from FEA solvers, it is highly important to cover the
remaining 10%.

Other causes, for lack of support of digital formats in general for PDF (Prod-
uct Data Technologies), are outlined in [44]. In this paper some of the above
items are addressed with focus on the last one, that is; How can AP209 be
extended to also cover nonlinear finite element analysis?

3. State of the art of existing AP209 implementations

This section presents some use-cases where AP209 has been tested and im-
plemented.

3.1. Early implementations
Some of the first implementations of AP209 are presented in [42], [45], [46].

These were centered on exchanging analysis, and especially composites informa-
tion between different applications (including MSC/PATRAN), by exchanging
the data via AP209 files. The studies are also summarized in [47].

Additionally, [48] presents the development of a translator between AP209
and the FEA solver SAMCEF for a usecase in the EU project ENHANCE [49].

3.2. CAx-IF and LOTAR
AP209 and other STEP parts, are documented in ISO documents as de-

scribed in section 2.1. These documents provide the very formal definitions of
the STEP data model. They do not, however, describe in details, implementa-
tion methods and use cases for the standards. CAx-IF [50] (Computer Aided
X Implementor Forum and recently renamed to MBx-IF; Model-based X Inter-
operability Forum), is a joint effort between PDES, Inc., ProSTEP iViP and
AFNeT, with the objective of accelerating CAD, CAE (Computer Aided Engi-
neering) and other industrial data translators and ensure their compliance with
the respective standards. CAx-IF performs test rounds where different soft-
ware vendor participants develop translators between the standards and their
own applications. Translations from and to the standard across the participants
tools are then tested and verified by CAx-IF workgroups. By doing this, confor-
mance with the standard is ensured, the applicability of the standard is verified,
and potential improvements are suggested. Based on experience from these test
rounds, Recommended Practices are documented and published. These doc-
uments, in contrast to the official ISO documents, focus rather on the imple-
mentations of the standard in translators. They are generally generic as to be
applicable to any systems, and are essential for developers that are responsible
of implementing support of the standard in their tools.
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LOTAR [51] (Long Term Archiving and Retrieval) is an international or-
ganization, which aims to develop, test, publish and maintain standards for
long-term archiving. LOTAR EAS [52] (Engineering Analysis and Simulation)
workgroup joined CAx-IF in 2017 to handle the test rounds for AP209 FEA con-
verters. A test round starts with an original set of files in the NASTRAN format,
which are converted by all parties to AP209 and then shared to be imported
and checked by the other parties. Statistics are calculated and checked by the
EAS working group to verify the validity of the converters. From these results
Recommended Practices and handbooks for AP209 are written and updated.
Currently the following are published; Recommended Practices for AP209ed2
[53], STEP AP209 ed2 Linear Static Structural FEA Handbook Volume 1 [54]
and Volume 2 [55].

3.3. TERRIFIC
Terrific [56] was an EU funded RD project (2011 - 2014) with the goal of

improving the interoperability among applications for design, analysis and opti-
mization of products. The focus was on further developing and applying isoge-
ometric analysis (IGA), that is an innovative approach to close the gap between
the 3D product representations in design and analysis [57]. A finite element
mesh is not any more created from scratch on an idealized shape; instead, the
NURBS (non-uniform rational B-splines) [58] of the original CAD design shape
are reused as analysis mesh by just changing their parameterization. In Ter-
rific, the process of updating AP209 and AP242 for IGA was started ([59, 60]).
Particularly, locally refined B-splines were introduced to enable adequate re-
parameterization of CAD-shapes for the purpose of engineering analysis.

3.4. Cloudflow
Another EU funded RD project related to AP209 was Cloudflow [61] (2013

- 2017), which aimed at smoother manufacturing processes by improved in-
teraoperability of engineering applications within a cloud computing framework
[62] for European manufacturing enterprises. CAD, CAM (Computer Aided
Manufacturing), CFD and PLM were all part of cloud workflows using STEP-
standards to more easily connect. In the CFD implementation, AP209 was used
for managing simulation data on the cloud.

3.5. VELaSSCo
VELaSSCo [63], an EU funded RD project (2014 - 2016), aimed to provide

new visualization methods of large-scale simulations. The project developed
the VELaSSCo platform for accessing, visualizing, and querying distributed
simulation information stored across multiple servers [64]. In the project, AP209
was validated and Discrete Element Method (DEM) extensions were proposed.
AP209 was used for storing simulation data.

3.6. CAxMan
CAxMan [65], also an EU funded RD project (2015 - 2018) involving cloud

systems, had the purpose of delivering Cloud based toolboxes and workflows to
optimize design, simulation, and process planning for additive manufacturing.
The goal was to be able to reduce material usage in additive manufacturing by
simulating against both structural and thermal constraints and by providing
automated feedback to the original design [66]. The various simulations and
their links to the original design shape were facilitated by AP209.
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3.7. CRYSTAL
More recently, Jotne EPM [67] and Lockheed Martin [68] has through the

project CRYSTAL [69], developed AP209 converters for both Abaqus and NAS-
TRAN formats. During this same project extensive support for AP209 was
implemented in the SDM application EDMopenSimDM [70]. This allowed to
relate CAD, FEA and PLM information in the same system stored in the same
format; AP209. CRYSTAL took this one step further by also using AP209 for
representing structural testing. This further allowed sensors and test results to
relate to corresponding FEM analyses information. Having this data, from these
different domains, in the same repository, and in the same format, enabled a
more efficient way of retrieving, querying, and processing the engineering data.
The study behind this integration is presented in [22].

3.8. Arrowhead Tools
Arrowhead Tools [71], is yet another ongoing EU project. Its goal is to

reduce engineering costs by 40-60% for automation and digitalization solutions,
by developing an open-source platform for design and run-time engineering of
IoT (Internet of Things) and System of Systems [72, 73]. In the Arrowhead
Tools project, AP209 will be used to represent and exchange simulation, sensor,
and IoT information.

4. Recommended FEA extensions to AP209

The AP209 standard covers many of the data concepts needed for FEM
analysis. Still, for a standard to be widely accepted, "many" may not be enough.

This section goes through the different aspects of FEA that would be ex-
pected in a standard format, which are either missing in the AP209 standard, or
exist, but their use have never been implemented or documented in documents
such as AP209 Recommended Practices or AP209 handbooks.

Section 4.1 describe certain requirements for AP209 as a FEA standard, and
discuss how these are implemented in some of the major solvers. Without going
in details, section 4.2 presents suggestions for how these requirements could be
implemented or addressed in AP209.

The choice of solvers investigated was based on their market share and avail-
ability. The chosen ones were:

1. Abaqus 6.14 [74]
2. NX Nastran 11.0 [75]
3. Ansys MAPDL 19.0 [76]

These were all mentioned as leading vendors in [77] together with MSC
Nastran [78].

4.1. FEA requirements for AP209
4.1.1. Analysis type categorizations

Table 1 shows an overview of how solver categorizes their supported analyses.
In the table the term analysis categories is used as opposed to analysis types.
The category names are based on what the solvers provide as analysis setups
or solutions, which may involve multiple analysis types available for their load
cases.
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NX Nastran 11.0 Abaqus CAE 6.14 Ansys MPADL 19.0
SOL101 - Linear Statics Static, General Static Structural
SOL103 - Real Eigen Values Static, Riks Transient Structural
SOL103 - Response Dynamics Dynamic Implicit Rigid Dynamics
SOL105 - Linear Buckling Dynamic Explicit Harmonic Response
SOL106 - Nonlinear Statics Buckle Modal
SOL107 - Direct Complex Eigenvalues Frequency Explicit Dynamics
SOL108 - Direct Frequency Response Static, Linear Perturbation
SOL109 - Direct Transient Response Steady-state dynamics, Direct
SOL110 - Modal Complex Eigenvalues Substructure generation
SOL111 - Modal Frequency Response
SOL112 - Modal Transient Response
SOL129 - Nonlinear Transient Response
SOL601(106) - Advanced Nonlinear Statics
SOL601(129) - Advanced Nonlinear Transient
SOL701 - Explicit Advanced Nonlinear Analysis

Table 1: Categorization of analyses provided by different solvers.

It is important to note that in most solvers, a set of load cases on a finite
element model, that relate, or are sequential, is often referred to as a solution.
In most cases it is the solution that is initialized as a certain analysis type
or category. The load cases that take part of this solution are then generally
restricted to be only of one or a few specific analysis types, depending on the
chosen solution. The specific limitations varies across the different solvers.

The exact type of analysis also depends on the analysis parameters that the
user select. For example; Ansys provides the solution called "Static structural",
but will then provide a choice to set it as linear or nonlinear, which are, in the
context of this study, two different analysis types.

Depending on the analysis categories in table 1, a solver will decide which
routines or algorithms to use in the analysis process and will require user input
for certain parameters. The amount and type of user modifiable parameters
varies for each solver.

4.1.2. Analysis parameters
In linear FEA, there are very few parameters that affect how the analysis

is performed. Most solvers will solve a linear analysis using similar algorithms
and give similar results. However, for nonlinear analyses, analysis parameters
are very important. By analyses parameters, we mean settings the user may set
that affect how the analysis is performed. This can be parameters such as the
solver’s; time step sizes, number of increment, maximum iterations, line search
settings, type of convergence criteria, etc.

For nonlinear analyses, solvers always have different settings that may be
set to specify how the model is solved. Some modifiable settings are common
across most solvers, while others are specific to the individual solvers.

In Appendix A, tables A.2, A.3, A.4, A.5 and A.6, shows the most common
analysis parameters for each analysis category and for the selected solvers for the
FEA concepts of increment, arc-length, iteration, convergence and line-search
parameters, respectively.

4.1.3. Variable depending loads and constraints
A common way of defining loads or constraints, especially in dynamic anal-

yses, is to have a load or constraint magnitude that depends on time. It is
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also common, in both dynamic and static analyses that a load is defined as a
field and depends on variables such as model coordinates. Typical examples are
loads and constraints that are scaled throughout the analysis based on either
a time dependent function or tabulated values, or a load depending on space
dimension.

NX Nastran, Ansys and Abaqus all allow loads and constraints to be defined
from a table or function with variables such as time, coordinates, temperature
etc. In NX Nastran and Abaqus this is done by defining a load, such as nodal
loads or element pressure, and then applying a tabular or functional amplitude
to it. In Ansys, you may not amplify an existing load, but load values may be
defined by a table.

4.1.4. Nonlinear material properties
There exists a wide range of different nonlinear material models. Every

nonlinear capable FE solver offers the use of a subset of these. Some of the
most general material models are; perfectly plastic, bi-linear and multi-linear
plasticity material models. One thing to note however, is that each of these
may be defined differently, for example via stress and strain values, or multiple
E-modulus values. When defined by stress and strain pairs, these may be input
as either true or engineering stress/strain values, depending on the solver.

NX Nastran, Ansys and Abaqus, each covers the material models mentioned
above, as well as many other specific material models which will not be described
in details.

4.1.5. Element contact
Element contact is when two element regions come into contact, and the

solver uses algorithms to prevent the regions to overlap. Instead of overlapping,
collision is simulated by calculating the appropriate deformations on the regions.

In solvers, contact is usually defined by first defining one or more regions,
then defining interaction properties between or within the regions.

In NX Nastran regions are defined by selecting the nodes of faces on vol-
ume elements, or element sides on surface elements. In Abaqus, a surface on
volume elements is defined by selecting the face IDs. For surface elements it
is similar to Nastran. In Ansys however, contact regions are always defined by
selecting nodes. The program then generates special contact elements based on
the elements attached to those nodes.

In all three solvers, contact interaction properties may be defined and related
to single regions or pairs of regions. A list of available contact parameters offered
by these solvers are listed in Appendix B in table B.7. The listed parameters are
the most common ones which may be found across the different solvers. There
are, however, multiple more, which are very specific to each solver and their
implemented algorithms.

4.1.6. Element gluing
By element gluing we mean two or more node or element regions that are

defined to not separate by not allowing any deformation between them. The
term glue is used in NX Nastran, while in Abaqus the equivalent is referred to
as tie, and in Ansys, as bonded.

The solvers might implement this gluing differently, but essentially, for the
user it is very similar to defining element contact as mentioned in section 4.1.5.
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4.1.7. Superelements
Superelement (also known as substructure) reduction is a technique where

parts of the FEM are divided in element groups; superelements. On each su-
perelement, exterior nodes are defined, which can be used to connect to other
superelements or normal elements. The model of the superelements are mathe-
matically reduced such that their structural behaviour may be defined by only
the degrees of freedom of the exterior nodes. This can greatly reduce computa-
tion time for large FE models.

NX Nastran, Abaqus and Ansys, all support the concept of superelements.

4.1.8. CAD-FEM relations
Generally, CAD/FEA applications allows for a mesh to be defined on a CAD

model. Mesh regions can be created on CAD lines, surfaces and volumes. If the
CAD shape is modified, the related mesh can then be regenerated. Similarly,
loads, boundary conditions, contact regions, and other analysis definition, can
be defined on the CAD geometry. The application will then automatically
determine which nodes or elements these analysis definitions will be applied on.

The major FEA solvers have very good solutions for this type of FEA/-
CAD associations. However, this information is only stored in the application’s
proprietary formats. The information in the files of these formats are not ac-
cessible outside the application, and are often only applicable for the specific
version used. The FEA input files of the application contains only the FEA
information, meaning that all CAD/FEA information is lost if the user wish to
use another application.

The AP209 format support the representation of the CAD and FEA infor-
mation, as well as their relation, such as the topological relation of geometric
shapes in the CAD model, and elements or loads in the FEA model.

To be able to exchange such information between different systems, is very
useful for engineers. The AP209 data model does support this sort of represen-
tations, but this capability has not been adopted or implemented by FEA/CAD
applications.

4.2. Recommended extensions
4.2.1. Analysis type categorizations

In an AP209 model, the type of analysis type used is specified at the load case
level. The type of entity used to define a load case, defines the type of analysis
for that specific load case. Currently only linear static and modal analyses are
supported in AP209.

The entity control represents the collection of load cases in the analysis; the
solution. Load cases are represented by the entity control_analysis_step
which has subtypes specific for linear static and linear frequency analysis. New
subtypes could be added to this entity for each type of analysis to be supported.
Ideally this could be organized as a hierarchy of sub-entities, such that these are
organized based on being for example, static or dynamic, and linear or nonlinear.
Special solutions, such as buckling analysis should also be considered.

4.2.2. Analysis parameters
AP209 does not have any specific entities for analysis parameters, and there

are no documentations which describes how this should be represented.
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There are a huge number of different existing parameters, and their availabil-
ity vary with each solver and analysis type. Because of this, it is suggested that
a generic method is used to represent each parameters. A generic method would
mean an entity holding a parameter name, representing the actual parameter,
and its value. The parameter names could be defined in a Recommended Prac-
tices, defining its meaning and appropriate use. The actual entities representing
these parameters, should then reference a control_analysis_step (load case),
or control (complete analysis) entity, if applicable for the whole analysis.

4.2.3. Variable depending loads and constraints
The existing entities for applying FE loads in AP209, does not have any

options for representing a load value that varies. However, Part 50 [79] defines
mathematical constructs such as function and tables, and Part 107 [80] defines
how to represent relations between content in Part 50 and Part 104 [81]. Part
104 is the STEP part which defines most FEM specific data types, including
applied loads. All of these are part of the 209 application protocol.

Using the content in those parts of the standard, and describing their imple-
mentation methods in a recommended practices, could enable AP209 to cover
the above cases.

4.2.4. Nonlinear material properties
AP209 has specific entities only for defining linear material properties, such

as E-modulus, poisson ratio, mass density, shell bending stiffness and more.
Although, there are no specific entities for specifying nonlinear material prop-
erties, there are generic entities for material properties. These generic entities
may be used to hold any type of values together with a material property name.
Again, updated Recommended Practices could specify how to use these generic
entities to represent nonlinear material properties.

4.2.5. Element contact
AP209 can collect elements in groups, but not which of the element faces

belong to it. Meaning that you can’t define element surface regions. There are
also no specific entities for describing contact properties.

A possible simple extension, could be to create a new entity, inheriting from
the the entity element_group and introducing an attribute that references
the type element_aspect. element_aspect is a STEP SELECT type, which
can represent types such as volume_3d_face, surface_3d_face, etc. This
way, surfaces could be defined using element groups. Additionally, for surfaces
composed of sets of element faces with different IDs, AP209 already has the
capabilities to relate multiple entity groups.

For defining the actual contact within or between the region(s) another new
entity might be required. In AP209 the entity state_definition is a supertype
of everything that is load or boundary condition related, or that somewhat
defines the state of the FEA model. The most appropriate way to add contact
definitions would be to extend the state_definition with new subtypes. It
could be considered to add different entity types for specific cases, such as surface
to surface contact and surface self contact. Another consideration, which hasn’t
been mentioned, are edge contacts, specially for 2D mesh models.
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Parameters defining the properties and configuration of the contact could
follow a similar generic approach as was discussed with analysis parameters in
4.2.2.

4.2.6. Element gluing
In the context of AP209, glueing should be implemented similarly to contact.

The element region implementation could be used for both contact and glued
regions. Specific entities for defining the actual glued connection between the
regions, should also be done by extending the state_definition entity.

4.2.7. Superelements
AP209 contains the concept of element substructures, but this is not well

documented and has not been implemented in previous AP209 studies. The
entity substructure_element_representation, is a subtype of element_
representation. This entity can collect multiple elements to define a superele-
ment.

Recommended Practices need to be updated or created to describe the use
of it.

4.2.8. CAD-FEM relations
The AP209 format support the representation of the CAD and FEA infor-

mation, as well as their relation, such as the topological relation of geometric
shapes in the CAD model, and elements or loads in the FEA model.

To be able to exchange such information between different systems, is very
useful for engineers. The AP209 data model does support this sort of represen-
tations, but this capability has not been adopted or implemented by FEA/CAD
applications.

5. Conclusion and future work

The point of having a standard data model for a domain such as FEA is to
be able to store and exchange data regardless of its original format. An ISO
standard model is maintained and ensured to be backwards compatible. The
model is also open, meaning it is available to anyone who wish to adopt and
implement it.

Such a model solves the problem of having to perform duplicate work when
migrating or exchanging data from one system to another. It also prevents
problems such as files being incompatible with newer versions of applications.

In addition to these mentioned benefits, data represented in STEP from any
domain, may be related to other domains through it’s PLM support.

In the CAD domain, STEP has shown, to a certain degree, to solve these
problem and is widely used to move data between different systems.

As have been mentioned, the standard seem to lack support from FEA solver
vendors. The main reason for this, is assumed to be lack of information scope
for certain analysis types. To reconcile this, AP209 should extend its domain to
be compatible with the type of advanced analysis that are available in existing
solvers. The standard already has all the major generic building blocks (entities
and data types) for many of the missing items, allowing it to easily extend its
scope.
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Future work is highly suggested to address the topics mentioned in section
4, and to define how these improvements should be implemented in the stan-
dard. This should be further pushed to the ISO STEP 10303 committee and
documented in associated Recommended Practices.
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Abstract

ISO 10303-209 [1, 2] is a standard for exchanging and storing simulation infor-
mation along side related PLM (Product Lifecyle Management), CAD (Com-
puter Aided Design), and other CAE (Computer Aided Engineering) data. The
AP209 standard, despite being well documented and covering a wide range of
engineering information, has not been widely implemented by FEA (Finite El-
ement Analysis) solver or SDM (Simulation Data Management) applications.
This is assumed to mainly be due to AP209 not yet supporting nonlinear FEA.

The following study takes basis in the findings of [3], where improvements
of the AP209 standard were suggested. Some of these suggestions, related to
nonlinear FEA, are here further investigated and implemented, and proposed
for further standardization.

Analysis test cases using these new features are created, and converters be-
tween different FEA formats are developed.

The test cases are nonlinear, static and dynamic, with different defined time
step control parameters, and loading conditions. The FEA data converters
translates data between AP209 and the solver specific formats. The complete
data information from the analyses are preserved during the conversion, and the
generated analyses are solved. To confirm that no information was lost during
the process, simulation results are investigated and compared.

Keywords: STEP ISO 10303, FEM Analysis, Nonlinear FEM, Data
Exchange, Simulation Data Management

1. Introduction

There exist a wide range of different FEA (Finite Element Analysis) solvers.
All of which have different strengths, by specializing in specific aspects of FEA.
Some are part of larger application packages, and connect the FEA solver to
CAD (Computer Aided Design) systems.

FEA solvers are commonly composed of a preprocessor, postprocessor and
a solver. The preprocessor and postprocessor are generally available through a
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user interface. The preprocessor is what the user use to create the mesh and de-
fine the analysis. If the system integrates a CAD application, the preprocessor’s
operations may be done directly on CAD shapes. The engineering work done
while defining the FE model and analysis is typically stored in files using pro-
prietary formats. When the model created in the preprocessor is complete, and
ready to be solved, all the necessary information to solve the analysis is written
to what is often called input files. These files, generally written in ASCII, are
sent to the solver which computes the requested results. Results will often also
be written in two formats. One using a proprietary format in binary, and one in
ASCII. The binary files are sent to the postprocessor, which is where the user
may interact with the results.

The ASCII input and result files, uses solver specific formats that are in most
cases documented by the solver’s provider. This allows engineers to manually
create or edit the input files that are sent to the solver, without using the
preprocessor. Custom scripts or applications can also be created to write these
files for business specific cases.

Based on business needs and engineering tasks, the analysis engineers need to
choose their FEA solvers. However, there might be many cases where multiple
solvers are used, either within or across teams and companies. There can also
be cases where engineers wish to migrate from one system to another. The
difficulty with this, is that the analysis files of the different solvers, even if they
are solving the same problems, do not share the same formats (they do not talk
to each other).

As mentioned, the solvers have two types of files, proprietary and input files.
The proprietary may hold more information than the input files. This can for
example be how a pressure load is applied on a CAD surface or a specific section
of the mesh, or a boundary condition applied to a CAD model edge. In the input
files this information is translated to a set of nodal or elemental loads and nodal
boundary conditions. The information of the connection between the analysis
and the CAD model is lost. Other lost information can be related to the mesh
generation. In the proprietary format, there might be stored how the mesh was
generated based on element sizes over a surface, while in the input file only the
generated mesh is stored. Obviously this is because the input file contains only
the information necessary by the solver to run the requested analysis, and the
proprietary format file is meant as a means to save the current work.

The Nastran format of input files is one of the most widely used format for
analysis import in solvers. However, non-Nastran based solvers that support
import of Nastran files, might only be able to import the mesh information and
a sub-set of the available model information in these files.

There is a clear lack of support for data exchange of FE data across the
different FEA solvers.

In the CAD domain, this problem has been addressed by most CAD software
vendors adopting standard data formats. Multiple standards have been defined
over the years, but most recently and most dominant, is the ISO 10303 STEP
[1] standard. This format allows to exchange a wide range of different geomet-
ric representation, as well as associated PLM (Product Lifecycle Management)
data.

CAD and PLM is just subset of what STEP can support. FEA is another
domain implemented in the standard. The part of the standard that handles
FEA is called ISO 10303-209 Multidisciplinary Analysis and Design (AP209)
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[2]. Currently this standard has not widely been implemented by solvers, and
has primarily support of linear static analysis, which was the focus during its
creation. This study aims to propose certain extensions to the standard to allow
it to cover additional aspects of FEA, with special focus on nonlinear FEA.

A preliminary study on this topic has been done in [3], and in this study we
implement some of its proposed improvements.

The paper is organized as follows; section 2 gives a short introduction to the
STEP standard and AP209. Section 3 presents the test cases and discusses the
converter development, whereas section 4 goes into details of the recommended
AP209 extensions. Section 5 presents the results of the converted test cases.
Finally a conclusion and proposed future work is discussed in Section 6.

2. The STEP ISO 10303 Standard

2.1. STEP
ISO 10303 STEP is a large standard covering multiple engineering domains

for which it provides interoperable data models. Only a short introduction of
STEP is presented in this study, for more information the following resources
are suggested to the reader; chapter 2 of ISO 10303-209 - Why and how to
embed nonlinear FEA [3], chapter 2 of Relating structural test and FEA data
with STEP AP209 [4], STEP in a Nutshell [5] and STEP Application Handbook
[6].

On the highest level, STEP is divided in Application Protocols (AP), which
each can be used as data models in different engineering domains. Most known,
and often referred to as only "STEP", are the APs; AP203 [7], AP214 [8] and
AP242 [9]. These are all mainly used in CAD applications and defines the data
model of exported and imported STEP files. As applications from different
vendors implement these data models, they may share CAD data between them.

One level lower in the STEP architecture, we have documents referred to
as parts. Each AP consists of a set of parts, some of which are generic and
are used by multiple APs. This enable various APs to share common generic
information. A typical example of such generic information is PLM data and
basic geometric definitions.

At the lowest level, we have entities. These are defined in the parts doc-
uments, and define how to represent different data objects. They are simi-
lar to classes in an object oriented programming language; they can hold at-
tributes, reference other entities, and can inherit from other entities. Some
examples of entities are; product, which defines the representation of a prod-
uct, axis2_placement_3d, which defines a coordinate system, surface_
3d_element_representation, which defines a surface element in a FEM (Fi-
nite Element Method) model. AP209 consists of over 2500 such entities.

In the different parts, these entities are formally described in the EXPRESS
[10] data modeling language, which is itself also standardized by STEP.

The AP data model documents can be used to define database dictionaries
for systems that wish to implement a certain AP. APIs can also be generated
from them to create applications that works with the same data model.

5
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2.2. AP209
AP209 is called Multidisciplinary Analysis and Design. The newest edition

is edition 2 (or AP209e2), and AP209 edition 3 is currently being developed.
Any reference in this paper to AP209, is referring to AP209e2.

AP209 is a STEP data model used for defining a data exchange format for
simulation tools, mainly FEA applications, and as a data storage format for
SDM (Simulation Data Management) tools. As described in section 2.1, STEP
has been used to simplify data exchange between CAD tools, and the same
could ideally be done with AP209 and FEA solvers.

A number of older studies related to AP209 have been published; related to
data exchange of composites and FEA in general [11, 12, 13, 14], Thermal data
exchange [15], electromagnetism [16], and SDM and FEA translation [17, 18].

Other attempts of introducing standard FEM formats are; the XML based
format FemML [19], the XML based format PAM [20], and using SysML (Sys-
tems Modeling Language) [20].

In these cited studies certain arguments are used for why not to use AP209.

• The FemML study suggests that the greatest disadvantages with AP209
are;
"(...)its massive specifications and custom and proprietary related tool
availability(...)".
It is true that AP209 has massive specifications, which are complex and
possibly increases implementation time. However, for a standard to cover
an engineering domain as complex as FEA, and also relate it to PDM,
CAD, and other information, such a complexity is required. The study
is relatively old, and there exist now various tools and APIs to work on
STEP data, such as; EDMsdk [21] by Jotne EPM Technology AS [22],
ST-Developer [23] by STEPtools [24], STEPcode [25], an open source
project previously maintained as STEP Class Library (SCL) by NIST [26]
(National Institute of Standards and Technology), and JSDAI [27] from
LKSoft [28].
As the format is open, it is possible for anyone to create such tools and
APIs.

• The PAM study states that;
"(...)it accommodates all the types of data from both CAD and CAE as a
standard protocol, and this characteristic easily increases the size of the
data.".
AP209 does support for multiple domains, it does not, however, have to
be used. An AP209 model can be fully complete with only FEA data
without any additional information.

• The SysML study states that;
"For the simulation part, AP209 defines a FEA model with a collection
of non-constrained string entities (analysis type, creating software, finite
element name, material...) leading to an informal FEA description, as
in Figure 1. STEP AP209 provides only syntactic interoperability, not
semantic interoperability. It cannot ensure the same simulation results
across FEA tools or support integration with other kinds of tools.".
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This is a misunderstanding; AP209 does have very strict semantic inter-
operability, and information such as analysis type, finite element name,
material, does not, in fact, follow non-constrained string entities, but de-
fined entity names or type enumerations.

3. FEM Test cases and converter development

As have been presented in the previous study [3], some FEA aspects are
not covered by AP209, especially concepts related to nonlinear analysis. In this
study we elaborate on a few of those items:

• Analysis types (section 4.1)

• Analysis parameters (section 4.2)

• Variable dependent loads and constraints (section 4.3)

FEM analysis test cases using these items are presented in section 3.1. The
solvers used for these are the following:

• Abaqus 6.14 [29]

• NX Nastran 11.0 [30]

• Ansys MAPDL 19.0 [31]

All applications were used on a Windows 10 system.
To validate the recommended extensions, AP209 converters were developed

to process and convert the test cases for the different solvers. The development
of these converters are discussed in 3.2.

3.1. FEM Test cases
Each of the following test cases were created in Abaqus 6.14. In Abaqus,

units are not specified, but are expected to be consistent with each other. There-
fore, in the next sections, units are not described.

As the focus of this study are the solution parameters, simple geometry and
mesh were chosen for the models.

Test case A
The model is based on the verification test entitled Large Displacement Elas-

tic Response of a Hinged Spherical Shell Under Uniform Pressure Loading from
the NX Nastran 11 Verification Manual [32].
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• Mesh geometry
The geometry of the mesh is defined by a
surface where Z = 2.0285 · 10−4(X(1570 −
X) + Y (1570 − Y )) and limited by X =
[0.0, 1570.0] and Y = [0.0, 1570.0].

• Mesh
64 shell elements of type S4R with a thick-
ness of 100.0

• Material
E = 69 and ν = 0.3

• Boundary conditions and load
All nodes on the edges are hinged, and a
pressure load of -0.1 is applied on all ele-
ments.

• Analysis type and parameters

Nonlinear static solution
Fixed increment size = 0.04
Maximum number of increments = 25
Total step time = 1
Full Newton-Raphson

Figure 1: Test case A

Test case B
The geometry, mesh and load of this test case is the same as in test case A,

but this time with arc-length control.
• Mesh geometry

Same as Test A

• Mesh
Same as Test A

• Material
Same as Test A

• Boundary conditions and load
Same as Test A

• Analysis type and parameters

Nonlinear static solution with Arc-length
method (Riks)
Maximum number of increments = 950
Initial Arc length increment = 0.005
Minimum Arc length increment = 0.0005
Maximum Arc length increment = 0.05
Estimated total arc length = 1.0

Test case C
• Mesh geometry

3D cantilever beam with width = height =
50.0 and length = 1000.0

• Mesh
1072 8-noded linear hexahedral elements of
type C3D8I

• Material
E = 206.94 · 106 and ν = 0.288

• Boundary conditions and load
All nodes on one end are hinged
Time varying load distributed on the nodes
of opposite end, defined by the following
[time, load] values:
[0.0, 0.0], [0.01, 1.0], [0.02, 0.0], [1.0, 0.0]

• Analysis type and parameters

Nonlinear dynamic solution
Total step time = 0.2
Maximum number of increments = 1000
Initial increment size = 10−3

Minimum increment size = 10−5

Maximum increment size = 10−3

Rayleigh damping factors:

∗ Mass term = 0.02
∗ Stiffness term = 0.001

Figure 2: Test case C
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3.2. Converters
The converters developed for the purpose of this study were all implemented in
a command line application created in C++. The application takes in a source
file of a FEM simulation, a target path for the converted file, and parameters
specifying the source and target formats.
The accepted formats are Nastran, Abaqus, and Ansys ASCII input files, as
well as AP209 STEP files.
At the time of writing, the converter accepts the following one-way translations:

• AP209 to Ansys

• AP209 to Nastran

• Nastran to AP209

• Abaqus to AP209

When neither source nor target formats are STEP, the source file is first con-
verted to AP209 and then to the target format. Which means the following
translations requests are also accepted by going through an AP209 conversion:

• Nastran to Ansys

• Abaqus to Nastran

• Abaqus to Ansys

The reason for going for the solver’s ASCII input formats instead of using binary
files or solver specific APIs, was due to complexity, lack of documentation, and
limited coverage by the APIs. Using the ASCII formats might somewhat reduce
the "robustness" of the converters, but simplifies the development and serves
the purpose of validation sufficiently.
The interfaces to and from STEP data respresentation is done using EDMsdkTM

[21] which through an API creates a STEP database based on the AP schema.
It is also used to generate a STEP AP209 API in C++ that interfaces the
STEP database. When the converter then works with AP209 data, it accesses
data-read and write directly in the database.
With exception of the to- and from- Nastran converters, the converters have a
limited scope and are specifically tailored to handle the types of data of the test
cases and the suggested extensions presented in this paper.

4. Proposed AP209 extension

4.1. Analysis types
In most solvers, a set of load cases on a finite element model, that relate, or
are sequential, is often referred to as a solution. Usually, a solution will be
initialized as a certain analysis type or category. Each load case that take part
of this solution may be of different analysis types. However, in general, the
solver sets restrictions on which load case type (or analysis type) may be under
the same solution. The specific restrictions varies across the different solvers.
In AP209, the entity control represents the collection of load cases in the anal-
ysis; the solution. In this proposed extension, the different analysis types are

9

A.3. Paper 3 - Extending STEP AP209 for Nonlinear Finite Element Analysis 107



implemented as subtypes of the entity control_analysis_step, which repre-
sents a load case. No restrictions are proposed to which analysis types (or load
case types) may relate to the same control (or be part of the same solution).
A common concept in FEA analysis, is to have dependent sequential load cases,
where the results of one load case defines the starting point of the next. This
is also possible to represent in AP209, where the results of an analysis are
represented by the entity result_analysis_step, and may define the initial
state of a subsequent load case. Another important entity is the control_
process. It relates to the control_analysis_step, result_analysis_step,
and the boundary and load conditions for the specific load case.
The inheritance diagram of the above mentioned entities is shown in Figure 3.

ANALYSIS_STEP

CONTROL_ANALYSIS_STEP

CONTROL_LINEAR_STATIC_ANALYSIS_STEP

CONTROL_LINEAR_MODES_AND_FREQUENCIES_ANALYSIS_STEP

CONTROL_LINEAR_STATIC_ANALYSIS_STEP_WITH_HARMONIC

RESULT_ANALYSIS_STEP

RESULT_LINEAR_STATIC_ANALYSIS_SUB_STEP

RESULT_LINEAR_MODES_AND_FREQUENCIES_ANALYSIS_SUB_STEP

CONTROL_PROCESS

CONTROL_LINEAR_STATIC_LOAD_INCREMENT_PROCESS

CONTROL_LINEAR_MODES_AND_FREQUENCIES_PROCESS

Figure 3: Existing analysis types in AP209

Based on the available analysis types in the different solvers, an extended in-
heritance structure is proposed in Figure 4 to cover all of those. The enti-
ties result_analysis_step and control_process need to be extended in the
same manner.

4.2. Analysis parameters
4.2.1. STEP representation of analysis parameters
The current AP209 schema does not have the concept of solver or analysis
parameters. A generic method is proposed in this paper to relate parameters
to either the complete analysis or a specific load case. By generic we mean
that we do not introduce new entity types for each possible parameter, but
instead propose a property name (fea solver property name) for each parameter.
Existing generic STEP entities can then be used to hold the property values
and the corresponding property name. In this way, the list of allowable analysis
parameters can easily be extended. Such a list of parameters should be added
to a future update of the recommended practices for AP209, if accepted by the
vendor community of the ISO 10303 CAx-IF [33].
The following STEP entities are re-used for the purpose of representing analysis
parameters:

• Defined in Part 41 [34] of the STEP standard:

property_definition

Used to add a property type and value to a STEP object.

property_definition_representation
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ANALYSIS_STEP

CONTROL_LINEAR_STATIC_ANALYSIS_STEP

CONTROL_LINEAR_MODES_AND_FREQUENCIES_ANALYSIS_STEP

CONTROL_STATIC_ANALYSIS_STEP

CONTROL_NONLINEAR_DYNAMIC_ANALYSIS_STEP

CONTROL_NONLINEAR_DYNAMIC_EXPLICIT_ANALYSIS_STEP

CONTROL_NONLINEAR_DYNAMIC_IMPLICIT_ANALYSIS_STEP

CONTROL_LINEAR_DYNAMIC_ANALYSIS_STEP

CONTROL_FREQUENCY_RESPONSE_ANALYSIS_STEP

CONTROL_DIRECT_LINEAR_DYNAMIC_RESPONSE_ANALYSIS_STEP

CONTROL_ DIRECT_ FREQUENCY_RESPONSE_ANALYSIS_STEP

CONTROL_MODAL_LINEAR_DYNAMIC_RESPONSE_ANALYSIS_STEP

CONTROL_ MODAL_ FREQUENCY_RESPONSE_ANALYSIS_STEPCONTROL_LINEAR_BUCKLING_ANALYSIS_STEP

Existing in AP209 Schema

Proposed addition to AP209 Schema

CONTROL_DYNAMIC_ANALYSIS_STEP

CONTROL_NONLINEAR_STATIC_ANALYSIS_STEP

CONTROL_NONLINEAR_BUCKLING_ANALYSIS_STEP

SOL105

SOL106 (with buckling mode)

SOL103

SOL101

SOL106 & SOL601,106

SOL701

SOL129 & SOL601,129

SOL109

SOL112

SOL108

SOL111

NASTRAN SOL Mapping

CONTROL_ANALYSIS_STEP

Legend

Figure 4: Proposed hierarchy of analysis types. The Nastran SOL mapping refers to equivalent
solution names in Nastran.

Used to relate a property_definition to a representation
that contains the property value.

• Defined in Part 43 [35] of the STEP standard:

representation
A generic entity, that for a single context, that is, type of de-
scription, collects representation_items, that is, values that
make up this representation.

representation_item
A generic entity that is the supertype of a wide range of differ-
ent entities, representing anything from simple values, such as
a numerical value or a boolean, to geometric items, such as a
coordinate, surface, curve etc.

The entities property_definition and property_definition_
representation are proposed to be specialized into the subtypes:
fea_parameter_property and fea_parameter_property_definition_
representation. The fea_parameter_property extends property_
definition by adding a new attribute assigned_control_or_control_process.
The subtyping of property_definition_representation does not introduce
new attributes, but adds semantic , which may be used for automated data
validation, for example.
The EXPRESS specification of these entities are shown in Listing 1.
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ENTITY fea_parameter_property
SUBTYPE OF ( prope r ty_de f i n i t i on ) ;
ass igned_contro l_or_contro l_processes :

SET OF contro l_or_contro l_process ;
END_ENTITY;

ENTITY fea_parameter_property_def in i t ion_representat ion
SUBTYPE OF ( prope r ty_de f i n i t i on_repre s en ta t i on ) ;

END_ENTITY;

Listing 1: EXPRESS code of new entities.

The intent is that the fea_parameter_property defines a category of one
or multiple analysis parameters. The entity fea_parameter_property
relates to a representation via fea_parameter_property_definition_
representation. The representation holds the analysis parameter category
name in its name attribute. The individual analysis parameters that are set
for the analysis in that category are defined in already existing subtypes of
representation_items and are related to the representation via the items
attribute. The names of the of analysis parameters are set in the name attribute
of the representation_item. The used subtype of representation_item
depends of the value type of the parameter (boolean, real, integer or string),
and is set in the appropriate attribute.
The attribute assigned_control_or_control_process of fea_parameter_
property holds a new select type that is introduced; con-
trol_or_control_process (shown in Listing 2). This select type may
be one of the two following existing entities (defined in Part 104 [36] of the
STEP standard):

• control

An entity meant to associate analysis controls to a model. In a FEA
analysis, this entity represents the complete analysis and is related
to all load cases.

• control_process

An entity which defines how an analysis departs from its initial state.
In a FEA analysis this entity relates the loads and boundary condi-
tions to a specific load case.

TYPE contro l_or_contro l_process = SELECT (
contro l ,
cont ro l_proces s

) ;
END_TYPE;

Listing 2: EXPRESS code of new SELECT type.

The purpose of this new select type, is to allow FEA parameters to be either
applicable to the whole simulation and all load cases (control), or only for a
specific load case (control_process).
An example showing how analysis parameters can be related to a load case is
shown in Figure 5.
The name attribute of the entities should be as follows:
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FEA_PARAMETER_PROPERTY

FEA_PARAMETER_PROPERTY_
DEFINITION_REPRESENTATION

REAL_REPRESENTATION_ITEM

REPRESENTATION

name : fea parameter

name : increment parameters

name       : end time

the_value : 1.5

represented_definition

used_representation

items REAL_REPRESENTATION_ITEM

name       : min increment size 

the_value : 0.02

REAL_REPRESENTATION_ITEM

name       : max increment size 

the_value : 0.2

CONTROL

CONTROL_NONLINEAR_STATIC_ANALYSIS_STEP

CONTROL_NONLINEAR_STATIC_LOAD_INCREMENT_PROCESS

FEA_MODEL

assigned_control_or_
control_process

Figure 5: Instance diagram example of fea parameters related to a load case.

• fea_parameter_property - "fea parameter"

• representation - Category name of parameters defined in the items at-
tribute.

• representation_items - The name of the individual analysis parame-
ters.

In the example in Figure 5, the category of analysis parameter is increment
parameters. Within this category we have multiple analysis parameters such as
minimum and maximum increment size.
A challenge when defining a standard format that covers advanced FEA pa-
rameters is that not all solvers cover the same types of parameters. In some
cases, the parameters are not the same but still convertible to an equivalent. A
typical example of this is step increment sizes and increment numbers. While
one solver might allow to specify increment sizes, another one might only allow
to specify increment numbers. As long as the analysis time is known, it is pos-
sible to convert these parameters between the two solvers. Another scenario is
if a minimum step increment size is specified in format A, but format B does
not have this parameter, nor may it specify a maximum increment number. A
conversion from A to B would then result in loss of information.
In the converters developed for this study, a logging system was implemented
specifically for FEA parameters. In the conversion process, whenever a FEA
parameter is converted between AP209 and the native format, the parameter
values in source and target are logged. Additional information is also logged
in cases where calculations were done to convert a certain parameter, or if a
parameter is not supported by the target format.
Such logging is crucial as the engineers exchanging data from one system to
another need to be aware of any information that did not properly convert. The
engineer should also be informed on how the parameters were converted. In the
converters developed for the test cases in this paper, that information is given
as a text log file. A solver that implements export and/or import functionality
between its native formats and AP209 (or other formats), should properly show
this information to the user when the exchange is completed.
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4.2.2. Proposed analysis parameters
The study [3] presents tables of supported FEA parameters in major solvers in
its appendix. Based on these, table 1 lists recommended analysis parameters
for AP209. Some of these were implemented using the method presented in
4.2.1, and are recommended to be included in future recommended practices of
AP209.
All parameters listed under, are either valid for the whole analysis, if the corre-
sponding fea_parameter_property refers to a control entity, or, for only a
specific load case, if it refers to a control_process entity.

Increment parameters
start time
Defines the start time of the total analysis time the increment parameters
are applicable for. If this value is unset or not existing, the parameters are
applicable from the start of the analysis if applied to the control entity, or
the beginning of the load cases if applied to one or more control_process
entities.
end time
Defines the end time of the total analysis time the increment parameters
are applicable for. If this value is unset or not existing, the parameters are
applicable throughout the whole analysis if applied to a control entity, or
the whole load case duration if applied to control_process entities.
Note on start time and end time

• If a fea_parameter_property_definition_representation
(fppdr) contains the parameters start time and end time, then all
increment parameters in the same fppdr are applicable only for that
specified time frame.

• If a fppdr has a start time, without an end time, the parameters
are valid from that specific time, until the end of the load case or
analysis.

• If multiple fppdr referencing the same control or control_process
(via fea_parameter_property), each containing a start time,
but no end time, the different start times should be sorted, and
each consecutive start time, defines a time frame in which the end
time is the next start time. Thus all increment parameters have
specified time frames. An example can be seen in Figure 6.

fixed increment size
Defines a fixed increment size to be used throughout the whole analysis,
whole load case, or time frame.
initial increment size
Defines an intial increment size to be used in the begining of an analysis,
load case, or beginning of time frame.
min increment size
Defines a minimum increment size to be used throughout the whole analysis,
whole load case, or time frame.
max increment size
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Defines a maximum increment size to be used throughout the whole analysis,
whole load case, or time frame.
fixed increment number
Defines a fixed increment number for each load case in the analysis, one
specific load case, or within a time frame.
initial increment number
Defines an initial increment number used by the solver to calculate an inital
increment size, for the begining of each load case in the analysis, one specific
load case, or at the beginning of a time frame.
min increment number
Defines a minimum increment number to be used by the solver to limit the
increment sizes, throughout all load cases in an analysis, a specific load case,
or a time frame.
max increment number
Defines a maximum increment number to be used by the solver to limit the
increment sizes, throughout all load cases in an analysis, a specific load case,
or a time frame.

Iteration parameters
max iterations per increment
Defines the maximum number of iterations to use in each increment.
iterations before stiffness update
Defines after how many iterations in an increment the stiffness matrix is
updated. (This value can define if the full or modified Newton method is
used.)
update stiffness at first iteration
A boolean that defines if the stiffness matrix is always updated at the first
iteration of an increment.

Convergence parameters
tolerance variable
Defines a convergance variable. Should be implemented as
an extendable enumeration, including the following enumer-
ations: DISPLACEMENT_CONVERGANCE, ROTATION_CONVERGANCE,
ENERGY_CONVERGANCE, FORCE_CONVERGANCE.
tolerance value
The tolerance value for the specified tolerance variable.

Large displacement
use large displacements
Boolean that defines if large displacements are accounted for in specific load
case or all load cases in an analysis.
use large strains
Boolean that defines if large strains are accounted for in specific load case
or all load cases in an analysis.

Arc Length control parameters
min arc length
Defines the minimum allowable arc length in the arc length increment pro-
cess.
max arc length
Defines the maximum allowable arc length in the arc length increment pro-
cess.
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min arc length adjustement ratio
Defines the minimum new arc length to previous arc length ratio
max arc length adjustement ratio
Defines the maximum new arc length to previous arc length ratio
min arc length adjustement ratio to initial
Defines the minimum new arc length to initial arc length ratio
max arc length adjustement ratio to initial
Defines the maximum new arc length to initial arc length ratio
load scaling
Defines a scaling factor for the arc length method.
method
Defines the method used in the arc length method process. Should be imple-
mented as an extendable enumeration, including the following enumerations:
RIKS, RIKS MODIFIED, CRISSFIELD.

Line search parameters
use line search
A boolean that defines if line search should be used in the increment process.

Damping parameters
constant rayleigh stiffness matrix term
When using Rayleigh damping the camping matrix is calculated
C = αM + βK where M is the mass matrix and K is the stiffness matrix.
This term sets the β value.
constant rayleigh mass matrix term
When using Rayleigh damping the camping matrix is calculated
C = αM + βK where M is the mass matrix and K is the stiffness matrix.
This term sets the α value.

Table 1: Recommended FEA parameters to be supported by AP209.

FEA_PARAMETER_PROPERTY CONTROL_NONLINEAR_STATIC_ANALYSIS_STEP

FEA_PARAMETER_PROPERTY_
DEFINITION_REPRESENTATION

REPRESENTATION

REAL_REPRESENTATION_ITEM
name       : start time

the_value : 0.00

REAL_REPRESENTATION_ITEM
name       : fixed increment size 

the_value : 0.02

FEA_PARAMETER_PROPERTY_
DEFINITION_REPRESENTATION

REPRESENTATION

REAL_REPRESENTATION_ITEM
name       : start time

the_value : 0.20

REAL_REPRESENTATION_ITEM
name       : fixed increment size 

the_value : 0.01

FEA_PARAMETER_PROPERTY_
DEFINITION_REPRESENTATION

REPRESENTATION

REAL_REPRESENTATION_ITEM
name       : start time

the_value : 0.60

REAL_REPRESENTATION_ITEM
name       : fixed increment size 

the_value : 0.005

name : increment parameters

name : increment parameters

name : increment parameters

From t = 0.0 to t = 0.20
Fixed incr. size is 0.02

From t = 0.20 to t = 0.60
Fixed incr. size is 0.02

From t = 0.60 to end of analysis
Fixed incr. size is 0.02

Figure 6: Instance diagram example of FEA parameters related to a load case.
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4.3. Time varying loads
As mentioned in 4.1 the entity control_process collects the loads of a specific
load case. The different load types are all subtypes of the state_definition
entity, which includes, among others, nodal forces or element pressure loads.
The relation between specific loads and the control_process is done with
what could be called a state tree. Two entities; state and state_relationship
are used to combine different loads, and optionally scale them. An example
of such state tree in Figure 7, shows the entity structure from the loads all
the way up to the load case and analysis. The figure shows how, in AP209,
a load case combines; 1) a group of pressure loads, 2) two single nodal loads
that are grouped together, and 3), two groups of nodal loads that are used in
a linearly_superimposed_state which can scale the load in a state via a
state_component. Each state may be reused in multiple load cases and in
different load combinations.

SPECIFIED_STATE

CONTROL

CONTROL_PROCESS

CONTROL_ANALYSIS_STEP

STATE_RELATIONSHIP

LINEARLY_SUPERIMPOSED_STATE

Load Case 

base state Loads

base state

STATE_COMPONENT

STATE_RELATIONSHIP

SPECIFIED_STATE

NODAL_FREEDOM_ACTION_DEFINITION

NODAL_FREEDOM_ACTION_DEFINITION

NODAL_FREEDOM_ACTION_DEFINITION

Group of 

nodal loads

SPECIFIED_STATESPECIFIED_STATE

Boundary 

condition 

base state

SPECIFIED_STATE

NODAL_FREEDOM_ACTION_DEFINITION

Single 

nodal load

STATE_RELATIONSHIPSTATE_RELATIONSHIP

SURFACE_3D_ELEMENT_BOUNDARY_CONSTANT_
SPECIFIED_SURFACE_VARIABLE_VALUE

SPECIFIED_STATE

Group of 

pressure loads

SPECIFIED_STATE

NODAL_FREEDOM_ACTION_DEFINITION

Single 

nodal load

SPECIFIED_STATE

STATE_RELATIONSHIP

SPECIFIED_STATE

Group of 

nodal loads

STATE_COMPONENT

STATE_RELATIONSHIPSTATE_RELATIONSHIP

The analysis

Load case

Loads and BCs

2)

1)

3)

SURFACE_3D_ELEMENT_BOUNDARY_CONSTANT_
SPECIFIED_SURFACE_VARIABLE_VALUE

SURFACE_3D_ELEMENT_BOUNDARY_CONSTANT_
SPECIFIED_SURFACE_VARIABLE_VALUE

NODAL_FREEDOM_ACTION_DEFINITION

NODAL_FREEDOM_ACTION_DEFINITION

Figure 7: State tree example showing how state and state_relationship are used to relate
loads to a load case.

No known implementations of AP209 have used the concept of loads varying
with other variables. Still, the standard holds concepts that can be used to
represent it, but this need to be formalized and added to the standard’s Rec-
ommended Practices. The following is a proposal on how this could be done.
Part 104 of the STEP standard defines all the FEA specific entities that have
been presented so far. Part 50 [37] defines mathematical constructs such as
functions and tables, while Part 107 [38] defines how to represent relations
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between content in Part 50 and Part 104. (All of these parts are included in
AP209).
Using the entity standard_table_function a generic table can be repre-
sented. The details around the construct of this table are left out of this paper.
Essentially, when this table is used to hold time depending scaling factors, one
column holds scaling factors, and a second column time values. Similarly, for
coordinate dependent scaling factors, columns can be used for coordinate values.
The concept of interpolation of values between the variables, and extrapolation
of values outside the variables range, are not discussed in this study.
The recommended way of defining a load being scaled using varying values, is
by assigning a state_definition to the state_component and relate it to
a property_definition via a distribution_view_relationship, as seen in
Figure 8. (The property_definition is directly related to the actual table
holding the scale values, which is defined through Part 50 constructs). All loads
related to the state_component have then been applied with a varying scale.

SPECIFIED_STATE

STATE_RELATIONSHIP

LINEARLY_SUPERIMPOSED_STATE

Load Case 

base state

Loads base 

state

STATE_COMPONENT

scaling

STATE_RELATIONSHIP

SPECIFIED_STATE

NODAL_FREEDOM_ACTION_DEFINITION

NODAL_FREEDOM_ACTION_DEFINITION

NODAL_FREEDOM_ACTION_DEFINITION

Applied nodal loads

DISTRIBUTION_VIEW_RELATIONSHIP

PROPERTY_DEFINITION

Part 50 table with 

amplitude data

STATE_DEFINITION

CONTROL

CONTROL_PROCESS

CONTROL_ANALYSIS_STEP

The analysis

Load case

Loads and BCs

Figure 8: Example STEP structure of table defining amplification scale of nodal loads.

5. Test case results

5.1. Test Case A
As can be seen in Figure 9 the three solvers give similar result until the load
factor reaches around 0.64.
The reason for the subsequent deviation, is that Abaqus, by default does not
use line-search. Without modifying any line-search parameters, the analysis
will stop when reaching the buckling load. NX-Nastran and Ansys, have by
default line-search activated, and therefore manage to solve past the buckling
point (without giving realistic results during the buckling).
Conversion of line-search parameters was not implemented in the converter,
and therefore, the resulting analyses give different results. Ideally, the converter
from Abaqus to AP209, should be aware that line-search is off by default and
apply this information to the generated AP209 model.
All three simulations uses the same number of increments until reaching the
buckling point.
The maximum relative difference in displacement between the solvers is under
2% until the load factor reaches 0.55. It then increases through the buckling.
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Figure 9: Test case A - load factor vs. displacement at center node.

TEST A - ABAQUS(a) Abaqus TEST A - NASTRAN(b) NX Nastran TEST A - ANSYS(c) Ansys

Figure 10: Test case A - Von Mises stress on bottom surface
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Figure 11: Test case B - load factor vs. displacement at center node.

5.2. Test Case B
As the graph in figure 11 shows, the three solvers match well. The maximum
relative difference in load factor is around 8% (near displacement = 230).
Both Abaqus and NX used 108 increments, while Ansys used 88. While not
proven, one of the reason for the different number of increments, could be ex-
plained by which method each solver uses for the arc-length method. Abaqus
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TEST B - ABAQUS

(a) Abaqus
TEST B - NASTRAN

(b) NX Nastran
TEST B - ANSYS
(c) Ansys

Figure 12: Test case B - Von Mises stress on bottom surface

used the Modified-Riks method and Ansys uses the Crissfield’s method. These
methods are not optional. NX may use both methods, and since the model was
originally created in Abaqus, the AP209 converter sets the NX model to use the
Modified Riks method.
The difference could also be caused by very specific iteration parameters that
are not covered by the converter, or just by internal differences in the solvers.

5.3. Test Case C
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Figure 13: Test case C - displacement vs. analysis time

The graph in Figure 13 shows that the displacements of all solver match very
well. The maximum relative differences between the solvers, around the peaks,
are around 3-4%. The peaks of the Abaqus and Ansys results have a maximum
relative difference of around 2-3%.
The three solver all used the same number of increments to solve the problem.

6. Conclusion and future work

Nonlinear FEA is a very complex domain and supporting every aspect of it in
one standard would be very complicated. In this study we have taken some of
these aspects and shown how they may be introduced to the AP209 standard.
For representing analyses parameters, a generic approach was taken, which will
make it easier to represent additional solver specific parameters. Additional
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TEST C - ABAQUS

(a) Abaqus

TEST C - NASTRAN

(b) NX Nastran TEST C - ANSYS(c) Ansys

Figure 14: Test case C - Von Mises stress

analysis types were implemented as a hierarchical class structure covering most
of the available analyses in common FEA solvers. Time varying loads were
implemented without making changes to the standard, but by relating existing
features in the standard.
Using the implementations, test analyses were converted between different FEA
formats and solved. The results presented in section 3.1 shows that, for each
test case, results were, to a certain degree, similar among the solvers. As such,
we have shown that the information was successfully stored in the AP209 data
model and converted to the target formats.
This study only shows the possible applicability of nonlinear analysis in AP209,
but to be officially part of the standard, an extension of the standard need to
be proposed to the ISO STEP 10303 committee, and updated AP209 Recom-
mended Practices need to be published.
At the time of writing, a PDES, Inc. project, ran by, among others, Jotne,
Boeing, Lockheed Martin and NIST has started the finalization of AP209 edition
3, and preparing an official white paper for presenting content to be included
in AP209 edition 4. Currently nonlinear FEA is one of the main topics to be
added in AP209 edition 4. This study may serve as a starting point for the
white paper.
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Open Simulation Data Management and Testing - The 
CRYSTAL Project 

Kjell Bengtsson, Jochen Haenisch, Olav Liestøl, Remi Lanza 
(Jotne, Norway); 

Abstract 

Structural testing is well integrated in the development processes of complex 
systems such as aircraft, however, during execution and especially after 
completion of these processes, finding information is inefficient and time-
consuming with data spread over many applications, files, formats and 
locations. Lockheed Martin Aeronautics and Jotne, explore and implement a 
system architecture for central storage of design, simulation and test data that 
enables interoperability and long-term archival and retrieval (LOTAR) through 
configuration control. This architecture is based on the international standard 
STEP, ISO 10303. STEP is already widely used for sharing of 3D models for 
design by file exchange. CRYSTAL (CollaboRative multi-disciplinarY design, 
analysiS and Test dAta management and correLation) is extending the use of 
this standard in the engineering analysis and simulation domain to include 
FEM/CFD/DEM, and adds methods of implementing it by providing access to 
a central product data repository through APIs and webservices. Even beyond 
these existing capabilities of STEP, CRYSTAL will take the lead of a 
standardization activity to enlarge the STEP lifecycle model to integrate also 
structural testing and its relationship to design and simulation, especially in the 
context of validating the results of those. The benefit that such a 
comprehensive product data repository can give to industry, however, depends 
on the interoperability of their current and future tools with the standard and, 
through the standard, with other tools. CRYSTAL will, therefore, deliver a tool 
kit to lower the threshold for vendors to link their corresponding domain 
applications into this architecture. 

In addition, this presentation will also highlight results from other R&D 
programs, like IDEaliSM (Integrated & Distributed Engineering Services 
framework for MDO, which is an ITEA initiative and part of the EUREKA 
Cluster program) and CAxMan (Computer Aided Technologies for Additive 
Manufacturing, part of the H2020 Research and Innovation Action) and how 
they are deploying the new standardized infrastructure. 

© NAFEMS 2017 REPRODUCTION AND REDISTRIBUTION PROHIBITED www.nafems.org

Presented at the NAFEMS World Congress 2017 Stockholm, Sweden | 11-14 June 2017

Copyright Nafems 2020 Licensed solely to Kjell Bengtsson from Jotne EPM Technology AS(kjell.bengtsson@jotne.com) for single use only.
Distribution,reproduction and editing strictly prohibited-www.nafems.org/downloadterms LICENSE ONLY VALID WITH A CURRENT NAFEMS MEMBERSHIP

Copyright Nafems 2020 Licensed solely to Kjell Bengtsson from Jotne EPM Technology AS(kjell.bengtsson@jotne.com) for single use only.
Distribution,reproduction and editing strictly prohibited-www.nafems.org/downloadterms LICENSE ONLY VALID WITH A CURRENT NAFEMS MEMBERSHIP

124 Secondary publication



1. Engineering data management use cases

Structural testing is well integrated in the development processes of complex 
systems such as aircraft. However, during execution and especially after 
completion of these processes, finding information is inefficient and time-
consuming with data spread over many applications, files, formats and 
locations. 

Lockheed Martin Aeronautics Company (LM Aero) and Jotne EPM 
Technology AS (Jotne) are pursuing together with the Norwegian Ministry of 
Defense (NMoD) the enhancement and deployment of an open standards-based 
advanced system for CollaboRative multi-disciplinarY design, analysiS and 
Test dAta management and correLation (CRYSTAL).  

The following sub-chapter describes the underlying use cases. 

1.1. Multidisciplinary analysis environments 

The use case in Figure 1 represents a scenario for open simulation data 
management of multidisciplinary aero/thermal/structural analyses 
(CRYSTAL). Some examples of these types of analyses are fluid structural 
interaction problems such as wind, wave and current pressure on oil rig support 
structure and pressure and thermal loads on an aircraft. 
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Figure 1:  Use Case Scenario for Multidisciplinary Aero/Structural Analyses. 
 
The engineering process that is supported by this scenario may follow the 
stages listed below: 

• An initial concept of a product is designed in a CAD system.  

Open SimDM
• Data Management
• New Data Sharing 

Capabilities

Fluid Dynamics
• Panel Methods
• CFD
• Wind tunnel data

Open SimDM
AP 209ed2 API

Structural
• Finite Element Model  

& results
• Physical test strain and 

deflection results

Open SimDM
AP 209ed2 API

Panel Aerodynamic 
Model 

Maneuver Loads

Vehicle Loft with 
Structural Layout

Computer Aided Design
• Solid Models
• External Lofts
• Composite shape and 

structure

Open SimDM
AP 209ed2 API

Finite Element Model

Items underlined in green are 
new capabilities proposed under 

CRYSTAL

Interdisciplinary Communication
• Open Standards
• Memory/Stream/File based 

communication

© NAFEMS 2017 REPRODUCTION AND REDISTRIBUTION PROHIBITED www.nafems.org

Presented at the NAFEMS World Congress 2017 Stockholm, Sweden | 11-14 June 2017

Copyright Nafems 2020 Licensed solely to Kjell Bengtsson from Jotne EPM Technology AS(kjell.bengtsson@jotne.com) for single use only.
Distribution,reproduction and editing strictly prohibited-www.nafems.org/downloadterms LICENSE ONLY VALID WITH A CURRENT NAFEMS MEMBERSHIP

Copyright Nafems 2020 Licensed solely to Kjell Bengtsson from Jotne EPM Technology AS(kjell.bengtsson@jotne.com) for single use only.
Distribution,reproduction and editing strictly prohibited-www.nafems.org/downloadterms LICENSE ONLY VALID WITH A CURRENT NAFEMS MEMBERSHIP

126 Secondary publication



• The created product shape and product structure is exported from the 
authoring CAD system to CAE-system(s) via an AP209ed2 
file.  AP209ed2 is a superset of AP242 and thus may contain a 
complete design shape representation. The unique capabilities of the 
AP209ed2 related design and CAE product structures may be used to 
organize the CAE model(s) to aid in managing complex 
configurations.  Alternatively, some CAE systems provide design 
capabilities directly. 

• The CAE-systems for structural, aerodynamic modelling and heat 
transfer analyses may, via the AP209ed2 API, request data from an 
Open SDM repository that other players (other projects, suppliers etc.) 
may have stored there.  Information is shared through API calls to an 
Open SDM database repository or to shared memory (both in 
AP209ed2 schema based formats). 

• Communication between disciplines in the combined analyses will 
consist of the information representing each of the disciplines but not 
the process or algorithms involved in the mapping between the 
disciplines.  An example is pressure fields over a fluid dynamics mesh 
model are represented over that mesh, and are related to a structural 
mesh model (and potentially the pressure field over the structural mesh 
model).  The mapping between the two pressure fields that ensures that 
the pressure fields are equivalent over the two different meshes is NOT 
represented, only the relationship between the two fields is established. 

• Once complete the CAE analyses reside in the AP209ed2-based Open 
SDM repository.  The AP209ed2 schema provides the capability to 
represent the associated pedigrees providing traceability and 
associativity between the various disciplines’ analyses and the original 
CAD shape.  Analysis feedback may require that the product shape is 
returned to CAD. 

• Intermediate or final results may be viewed through a web-based 
graphical display.    

• Final results may be delivered in an AP209ed2 archive repository to 
customers to enable, for example, support and repair tasks. 
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1.2. Correlation of CAE output and physical test results 
Figure 2 represents a use case scenario for open simulation data management 
involving correlation or linking of CAE output and physical test results for the 
purpose of validating the analysis results against reality. 

 

Figure 2:  Use Case Scenario for Validation of Aero/Structural Analyses with Observed 
Test Data by Data Correlation. 

The complex multi-disciplinary simulations required for aerospace design and 
analysis, though sophisticated, are still approximations. Many structural, 
aerodynamic and thermal analyses are required to be correlated/validated with 
actual observed testing results (correlation in that a given input produces an 
associated output; and validation in that an output matches or is equivalent to a 
reference output). This is especially true for analytical results used in the 
certification process of flight vehicles. 

A typical scenario may be the comparison of measured structural strain and 
deflection with computed Finite Element analyses results and the comparison 
of wind tunnel pressure loads to aerodynamic simulation results and the 
subsequent use of derived inputs to those Finite Element analyses. These loads 
may also be used as a basis for the physical structural testing. An example of a 
large scale vehicle testing program is shown in Figure 3. 
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Figure 3: F-35 in a testing frame.

In another scenario large scale test environments themselves are 
correlated/validated with the products under test, not only during physical 
structure testing, but also during simulation. Such virtual testing tools have the 
potential to considerably reduce expenses with disruptive testing of complex 
products. 

2. The CRYSTAL vision

Lockheed Martin Aeronautics and Jotne, explore and implement a system 
architecture for central storage of design, simulation and test data that enables 
interoperability and long-term archival and retrieval (LOTAR) through 
configuration control. 

The objective of the CRYSTAL project is to develop a framework for the 
sharing and management of simulation data management (SDM), exposing 
design, engineering analysis and structural testing data in a form that it can be 
reused by multiple down-stream functions in order to streamline processes and 
improve efficiencies. CRYSTAL will allow integration of Product Data 
Information into the extended enterprise that operates to deliver complex 
systems within a coherent framework of engineering and manufacturing 
processes, including the interaction with Small and Medium sized Enterprises 
(SMEs).
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The project is based on the use of the formal data specification and 
manipulation language EXPRESS (ISO 10303-11 and ISO 10303-14). 
Specifications written in EXPRESS are machine interpretable, such as ISO 
AP209ed2, the data specification for this project. EXPRESS enables database 
dictionaries to be generated automatically and the validity of data sets to be 
checked automatically. EXPRESS also allows the specification of additional 
rules for how to populate a data model. A data set may be in accordance to a 
data model, but may be invalid under a certain rule schema that is defined on 
top of the data model.  

Based on the use case definition data, above, conversion and sharing software 
will be developed based upon the AP209ed2 schema code for sharing 
information between finite element analysis, panel aerodynamics, CFD tools, 
and structural testing applications. The CFD tool interfaces will be based upon 
layering the AIAA CGNS API standard over the AP209ed2 API.  

In addition, three external CAE tools will be involved to implement the 
resulting capabilities for sharing and managing information in their toolsets.   

With the input and output data to multidisciplinary computations cast into 
10303-209ed2 open standards based format, the information can also be used 
for downstream delivery in product lifecycle processes. 

Such data are also candidates for long term retention, for example, to support 
design, reuse or liability proof. The CRYSTAL archival application will be 
maintained and enhanced to: 

• verify the quality of AP209ed2 data sets; 

• enable the storage of the quality assessment, of the meta data with CAX 
input models and of the data themselves. 

Whereas the correctness of the data can be assessed automatically by functions 
of EDM, the usefulness of the data cannot. An additional validation mechanism 
is needed that enables the user to browse through the data in their AP209ed2 
representation. Also this display and check capability will be delivered. 

The completed solution will be tested using typical LM Aero processes and test 
data, along with a set of openly sharable (ITAR-free) data. 
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2.1. Envisaged engineering process 
The engineering process that is supported by these scenarios may follow the 
stages listed below, which are also shown in Figure 4: 

• The CRYSTAL platform enables querying for information required to 
support a particular analysis. The information obtained gives insight to 
the existence, pedigree and applicability of the required data. 

• In the case of Finite Element analysis of flight vehicles, aerodynamic 
loads and load cases are developed to meet the stated system 
requirements. These loads are mapped to the AP209ed2 data model and 
become a part of the product information model. This data can be from 
CFD analysis, wind tunnel testing, actual flight testing or combinations 
of all three.  

• Mapping these loads onto structural FEA models is facilitated by 
application of tools that understand the underlying standardized 
information model. Multi-disciplinary methods discussed in the 
following section are often limited by the ability to map data efficiently 
across domains. 

• Examples include un-ambiguous definitions of field data locations, 
orientations, approximations, interpretations and assumptions used in 
the original data generation and the mapping processes to other 
domains. Even a common descriptive vocabulary facilitates data 
sharing.  

• Analyses are performed using these loads and stored in the CRYSTAL 
platform. 

• In the example of structural testing, purpose built analysis models of the 
test article and the test environment can be retrieved into CAE systems 
along with other relevant data sources. These models are used to 
facilitate detailed planning for physical tests, sharing information in an 
un-ambiguous fashion. 

• Structural predictions can be shared with the testing environment to 
validate instrumentation installation, linearity assumptions, and to 
improve monitoring for safety. 

• Additional post processing of strain and deflection results from the 
physical structural testing are mapped to the structural FEA model and 
stored in AP209ed2 format.  Again, checking the strain and deflection 
results for consistency with respect to coordinate spaces, orientations 
and assumptions. 

• Intermediate or final results are managed in the CRYSTAL platform in 
AP209ed2 format providing associativity between the simulation and 
test results with pedigree and descriptive metadata. 

• Final results may be delivered in an AP209ed2 archive repository to 
customers to enable support and repair tasks. 
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Figure 4: Gaging/Prediction/Correlation Process. 

2.2. Multi-disciplinary integration 

There are different types of Multi-disciplinary Integration (cited from reference 
#2): 

1) “Serial Integration
a. Applicable to coupled but separable physics 

i. Product of first analysis is input to second analysis 
b. Examples

i. Precision structure borne optical systems
ii. Thermally driven structure fatigue life prediction

iii. Quasi static analysis where one domain is quite fast 
relative to the other.

c. Implementation approach
i. Use stand alone solver for first domain 

ii. Transfer output solution to input for second solver  
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2) Loosely Coupled 
a. Cyclically coupled where the output of one solution drives the 

input to the other, but that response affects the first domain. 
i. Not separable and serially solvable 

b. Amenable to iterative, cyclic solution 
i. Assume an input and run the sequence to compute an 

updated starting point 
ii. Requires strong/good enough convergence 

c. Examples 
i. Deformed aircraft wing shape under static aerodynamic 

loads 
3) Integration Frameworks 

a. Framework for integration of a wide variety of existing analysis 
tools 

b. Commonly applied to optimization of performance 
c. Captures and automates an analysis process 
d. Seeks to leverage existing tools as black boxes 

i. Executed via invocation commands 
ii. Manipulate parameters exposed in input decks and 

commands 
e. Supported by several commercial products 

4) CoSimulation 
a. For inseparable domains that require time synchronous solution 
b. Each solver can run independently for a few (but different) 

steps, but meet regularly to synchronize 
c. Requires transfer of variables/response between domains at 

synchronization points 
d. May require iteration for equilibrium at synchronization points  

For realistic complex problems (beyond serially separable and 
optimization), process knowledge is embedded in the solver executable. 
Model data definition is not sufficient. Case control, execution parameters 
are not sufficient. For example, successful CFD requires complex 
numerical processes that are sensitive to the implementation expression. As 
a result, co-simulation is required for the current multidisciplinary analyses 
of interest.” 
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It is envisioned that the standards for data exchange already developed by the 
ISO-STEP community, and additional data communication capabilities 
developed under CRYSTAL will benefit approaches 1 through 3 listed above.   

Integration of new capabilities with approach 3 will be the focus in CRYSTAL, 
as process improvements in this area are natural enablers for approaches 1 & 2. 

2.3. AP209ed2 converter strategy 

To ease AP209ed2 converter development is the most important means of 
implementing a standards-based interoperability solution in industry for 
engineering analysis. CRYSTAL, therefore, aims at providing a both powerful 
and easy-to-use converter development kit. 

Data translation processes can have different types of “databases” for source 
and target datasets: 

• Both source and target are Express models; 

• Source or target is a non-Express model, random accessible; 

• Source or target is a sequential file. 

The AP209ed2 converter development kit is designed to handle AP209ed2 
datasets as either source or target. The same applies for random accessible non-
Express models and sequential files. For non-Express models, both random 
accessible or sequential, the converter development kit can be used to integrate 
AP209ed2 export/import directly into solvers to become their AP209 pre- and 
post-processors. 

For Express data models the converter development kit will generate C++ 
classes to provide to the programmer a familiar environment and an easy-to-
use API. 

When both source and target datasets are random accessible, it is possible to 
implement a recursive conversion algorithm. When converting objects from an 
object oriented model like AP209ed2, this is big advantage. This 
implementation pattern requires that each object class that shall be converted 
has its own converter method. When reaching an attribute that references 
another object during execution of such a method, a call to the conversion 
method of the referenced object will be used to update the attribute. 

When the source dataset is a sequential file the basic converter algorithm 
applies a three step procedure where the first step is to read data from the 
source file into computer memory, before converting the data and then writing 
the target data set to a file. When all data of the input file is stored in main 
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memory, the conversion to AP209ed2 starts. This strategy has a drawback: 
There is an upper limit of the size of the input file that a computer can read, 
and this will in many cases be reached. This problem shall be solved in 
CRYSTAL. The solution is to: 

1. Define the intermediate data format in EXPRESS instead in C++ and 
store the intermediate data in a random accessible EXPRESS database 
(EXPRESS Data Manager). 

2. Enhance the AP209ed2 API to store objects in the database as soon as 
they are created and remove them from memory. 

Working with FEM data is time consuming due to big data sets and heavy 
computational requirements. By introducing concurrent processing for both 
data validation and data conversion one can reduce execution time. Modern 
computers have several CPUs making concurrent processing possible. The 
CRYSTAL project will explore these possibilities of parallel FEM data 
validation and conversion. 

The CRYSTAL project shall also enhance the formal procedure of specifying, 
designing, implementing and testing data converters. Mapping between objects 
in source and target models can be specified in an EXPRESS model on entity 
data type level. These specifications are used to generate skeletons of mapping 
code. In CRYSTAL the mapping specification EXPRESS model shall be 
enhanced to also specify mapping on attribute level. By this the amount of 
automatically generated mapping code skeletons will be increased.  

Each data converter needs to be verified for its correctness. One of the methods 
that this project will elaborate on especially is the use of validation properties. 
The concept itself is promoted by the LOTAR initiative as one of the crucial 
features in engineering data archiving. Whereas validation properties are well 
established for product shape, for example, centre of gravity and cloud of 
points, agreements still need to be found within domains, such as, composites, 
FEM and CFD. The project will explore this together with LOTAR; see 
chapter 3. 

A good introduction to the use of validation properties can be found on 
https://cax-if.org/ and in their recommended practices document 
“rec_prac_gvp_v44.pdf” (see reference #1). 
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2.4. Validations across design, analyses and testing 

A data correlation/validation tool is being developed to import and link 
structural test results data with analysis data. The use of the tool can be 
described in a step by step manner, of which the main steps are described 
below. The prerequisites are to have a valid AP209ed2 FEM analysis model 
and the completed structural test of the corresponding product. 

1) Structural test data import  
o The data is imported from the testing tool’s native format. This 

will involve multiple files, if multiple load cases have been 
carried out.  

o The results will be viewable and verifiable for all sensors and 
test cases.  

2) Sensor Descriptions 
o If sensor descriptions are available from the imported file, they 

can be imported and verified; otherwise, descriptions will be 
added manually. 

o Sensor locations are defined relative to reference coordinate 
systems. 

3) Loading Descriptions 
o Each imported data set is linked to a load case (e.g. force 

magnitude and direction, vibration intensity…). 
4) Create Raw Data Model 

o With the above data in place, an AP209ed2 model of the raw 
data can be created. This will hold the results without any 
transformation, together with sensor and load descriptions and 
product data. 

5) Create Test Correlation/Validation Model 
o The AP209ed2 model of the FEM analysis can then be 

imported, and a global coordinate system between the two 
models can be established.  

o The raw test results will need to be mapped to corresponding 
result types in the FEM model (e.g. strain in direction x on 
element surface). 

o A link between the test cases and the load cases in the analysis 
need to be defined. 

6) Validation 
o With the coordinate systems defined, and corresponding results 

mapped to one another, the raw results can be converted and 
displayed. A dual display showing analysis and test results, and 
the possibility of creating comparison graphs, reports and other 
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post-processing utilities that enable the validation are 
envisioned. 

The above description is valid for simple loading tests, which is the initial 
focus of the project, while other test types (e.g. modal/frequency, thermal and 
aerodynamics tests) would be included in the next phase.

The result will be three related models; Analysis Model, Test 
Correlation/Validation Model, and Raw Test Results Model, all described in 
the common AP209ed2 format and linked together. They can be imported to 
the SDM framework and prepared for long-term archival.

CRYSTAL is currently creating representative test data (see figure 5) both on 
the analysis side and the structural test side. These data will be used to verify 
the applicability of the CRYSTAL Platform.

Figure 5: CRYSTAL Test Data: an Ultralight Glider Winglet.

This CRYSTAL Platform will be based on a functioning collaboration server 
for timely distribution of accurate and complete product data, based on the 
second edition of ISO 10303-209:2014 (AP209ed2), “Multidisciplinary 
analysis and design”, or possibly a third edition if needed. The commercial 
product that will be derived from this will provide a capability to integrate and 
share CAD, CAE and structural test data. 

The consolidated database will be complimented by a long term data retention 
(LTDR) solution based on international standards to meet the requirements for 
retaining digital product data over long periods of time, typically lifetimes 
greater than 50 years.
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3. Engineering data archival 

A motivation and a use case for CRYSTAL is long-term archival of 
engineering data. Especially in the aeronautics industry the availability of 
design and analysis data over the lifetime of the aircraft is a pre-condition for a 
flight or air worthiness certificate. The lifetime of an aircraft will most 
probably exceed the lifetime of the engineering software and formats by far. 
Tools and methods are needed that guarantee readability of the data 
independently of the availability of the original authoring tools. 

LOTAR International, or short: LOTAR (LOng Term Archiving and 
Retrieval), offers such tools and methods. 

LOTAR is a project being conducted by leading OEMs and suppliers in the 
aerospace and defense industry under the joint auspices of ASD-STAN, AIA, 
PDES Inc. and the ProSTEP iViP Association. The LOTAR project consortium 
consists of user companies from around the world. Member companies include 
Airbus, BAE Systems, Boeing, Dassault Aviation, General Dynamics, 
Goodrich, IAI, Lockheed Martin, SAFRAN, Sandia, and Spirit. 

Details are on http://lotar-international.org/ . 

From the technical point of view and for the scope of this paper it is important 
to note the two pillars that LOTAR builds upon, that is, the following two 
standards: 

1) ISO 14721:2012: Reference Model for an Open Archival Information 
System (OAIS) and 

2) ISO 10303: Industrial automation systems and integration — Product 
data representation and exchange (also known as STEP, Standard for 
the Exchange of Product model data). 

Whereas ISO 14721 describes the process and environment of archival, ISO 
10303 provides the product lifecycle data model that allows to collect and store 
complex product data consistently. 

In our endeavours to deliver long-term availability of product data in our use 
cases, the CRYSTAL project builds upon the LOTAR environment and is in a 
relationship of mutual give and take with LOTAR. 
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4. The role of STEP 

The CRYSTAL Platform is based on the international standard STEP, ISO 
10303. STEP is already widely used for sharing of 3D models for design by 
file exchange. CRYSTAL is extending the use of this standard in the 
engineering analysis and simulation domain to include FEM/CFD, and adds 
methods of implementing it by providing access to a central product data 
repository through APIs and web services. Even beyond these existing 
capabilities of STEP, CRYSTAL will take the lead of a standardization activity 
to enlarge the STEP lifecycle model to integrate also structural testing and its 
relationship to design and simulation, especially in the context of validating the 
results of those. 

To cope with the heterogeneous nature of the software environment in industry, 
data specifications have been standardized in ISO/TC 184/SC 4, the ISO sub-
committee for "Industrial Data", over the last 30 years. The resulting standards 
cover the information requirements for a wide range of industries including 
shipbuilding, oil and gas, process, aerospace, automotive, and built 
environment. 

The ISO standards basis of CRYSTAL shall support both the communication 
between design/analysis engineers and test engineers and the link between test 
environments and products under test in a standard AP209ed2 format of the 
digital data involved in these types of scenarios. 

Within the total scope of ISO 10303, the series of Application Protocols 
provide capabilities in specific engineering domains. The edition 2 of ISO 
10303-209 (AP209ed2), Multidisciplinary analysis and design, specifies 
computer-interpretable composite and metallic structural product definition 
data representation, such as: shape, idealized analysis shape, finite element 
analysis (FEA) model, analysis results, and material properties. The design and 
related analysis information are managed within a PDM product structure. 

The scope of AP209ed2 includes not only engineering analysis data, but also 
the design data that are the starting-point for analyses. The representation of 
product design data alone is covered by another application protocol, ISO 
10303-242 (AP242), Managed Model Based 3D Engineering. AP209ed2 
simply includes AP242 in its entirety. A high-level planning diagram that 
provides an overview of the contents of AP209ed2 is shown in Figure 6, 
below. The complete scope of AP209ed2 will be used in this project. 
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Figure 6: Overview of ISO 10303-209ed2 Contents

AP209ed2 has integrated a generic Engineering Analysis capability 
complimented by specific CFD and generalized mesh based numerical analysis 
capabilities to the AP209 Edition 1 classical Finite Element Analysis 
capabilities. The CFD capability is based upon the NASA/AIAA CGNS 
standard and the Volvo Aero EAR-model work. The generalized structured and 
unstructured analysis and mesh capabilities are based upon work done in the 
Generic Engineering Analysis Model (GEM) project from the European Union. 
In addition there is a complete discrete/continuous mathematical field 
representation capability that has been added based upon the David Taylor 
Labs/Boeing DT-NURBS package.

For the purpose of integrating also structural test data, extensions of AP209 
into an edition 3 may be needed and are being considered.  

The architecture of the CRYSTAL platform and particularly the AP209ed2 
API integrates various disciplines within an organization like LM Aero to 
enable complex multidisciplinary analyses required for aerospace design and 
analysis. The ISO standards basis of CRYSTAL supports communication to 
suppliers and maintainers in a format suitable for long term archival of the 
digital data involved in this type of scenario. 
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5. Related R&D projects 

In addition, this presentation will also highlight results from other R&D 
programs, like IDEaliSM (Integrated & Distributed Engineering Services 
framework for MDO, which is an ITEA initiative and part of the EUREKA 
Cluster program) and CAxMan (Computer Aided Technologies for Additive 
Manufacturing, part of the H2020 Research and Innovation Action) and how 
they are deploying the new standardized infrastructure. 

5.1. IDEaliSM 

The IDEaliSM - Development framework for Multidisciplinary Design and 
Optimisation - solutions lie in three main deliverables: an advanced integration 
framework for distributed Multidisciplinary Design and Optimisation, an 
Engineering Language Workbench (a set of domain specific and high-level 
modelling languages, ontologies and data standards) and a methodology for 
service-oriented development processes to redefine the product development 
process and information architecture to enable collaboration between service 
oriented Competence Centres in Distributed Development Teams. The project 
is an ITEA initiative and part of the EUREKA Cluster programme.  

A video will be made available that demonstrates how the ISO 10303-209 
repository connects to several commercial applications through the use of the 
NOESIS applications and others like CATIA, PATRAN, NASTRAN and 
more. For more information about the IDEaliSM project see 
http://www.idealism.eu/ . 

5.2. CAxMan 

Another R&D program of a similar standards-based collaboration architecture 
is CAxMan (H2020-FoF-2015-680448), which is also funded via the European 
Commission.  

The objectives of Computer Aided Technologies for Additive Manufacturing 
(CAxMan) are to establish Cloud based Toolboxes, Workflows and a One 
Stop-Shop for CAx-technologies supporting the design, simulation and process 
planning for additive manufacturing. More specifically the objectives are to 
establish analysis-based design approaches with the following aims: 

• To reduce material usage by 12% through introducing internal cavities 
and voids, whilst maintaining component properties; 

• To optimize distribution and grading of material for multi-material 
additive manufacturing processes; and 

• To facilitate the manufacture of components which are currently 
impossible or very difficult to produce by subtractive processes (e.g., 
cutting and abrasive operations); 
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• To enhance analysis-based process planning for additive manufacturing 
including thermal and stress aspects, and their interoperability with the 
design phase; 

• To enable the compatibility of additive and subtractive processes in 
production in order to combine the flexibility of shape in additive 
manufacturing with the surface finish of subtractive processes. 

Also in this project interoperability is achieved through the application of 
mainly the following international standards: 

• ASD/AIA LOTAR solutions for archival of digital engineering data 
based on ISO 14721. 

• ISO 10303 (STEP) Product data representation and exchange in 
particular ISO 10303-209 edition 2 (AP209ed2) Multidisciplinary 
analysis and design. 

6. References 
1. Jochen Boy, Phil Rosche (2016). Recommended Practices for 

Geometric and Assembly Validation Properties, Release 4.4: CAx 
Implementor Forum. 31 pages. 

2. Clark Briggs (2012). Multi-Disciplinary Mechanical Modeling, 
Management and Exchange: ATA Engineering. 
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Appendix C

Contact and Nonlinear Materials in
STEP

The following presents a topic which was originally intended as a paper, but is instead
included in this theses as its own appendix.

Paper 3, which implements some of the proposed AP209 extensions recommended from
Paper 2, covers nonlinear analysis and analysis parameters. This appendix, further re-
commends extensions to the AP209 standard, for covering FEM contact interactions, and
certain nonlinear material models.

Section C.1 presents a set of finite element test cases using contact interaction and nonlin-
ear material models. The converter mentioned in 3.1.1 was extended to cover the AP209
extensions, and is used to convert the test cases to other formats. The original models
were created in Abaqus, then converted to AP209, and translated to Nastran and Ansys
formats. All models were solved in their respective solvers. A detailed discussion on
the results of these analyses is not included, however, visualizations of the results are
presented.

Section C.2, and section C.3, covers some details on the contact and nonlinear material
implementations.

C.1 Test Cases

Test Case A

The first test case is based on a NAFEMS benchmark test case, Benchmark 2: 3D Punch
(Rounded Edges) described in [56].
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• Geometry

– Top cylinder diameter: 100mm
– Top cylinder height: 100mm
– Top cylinder fillet radius: 10mm
– Bottom cylinder diameter: 200mm
– Bottom cylinder height: 200mm

• Mesh

– Using symmetry, only a quarter is meshed
– Top cylinder: 1960 elements
– Bottom cylinder: 16100 elements
– All elements are of type linear hexahedral

(Abaqus: C3D8R)

• Time step incrementation

– Automatic time stepping
– Max incr.: 100
– Initial incr. size: 0.01
– Min. incr. size: 1.0E − 5

– Max. incr. size: 0.01

Figure C.1: Test case A geometry

• Material

– Top cylinder: E = 210GPa and ν = 0.3

– Bottom cylinder: E = 70GPa and ν = 0.3

• Contact interaction

– Contact defined on element surfaces, between
bottom face of top cylinder, and top face of bot-
tom cylinder.

– Penalty friction formulation method with fric-
tion coefficient = 0.1 and elastic slip = 0.005

• Boundary conditions and load

– Bottom surface of bottom cylinder has fixed
translation.

– Constraints to simulate symmetry.
– Distributed pressure load on the top surface of

the top cylinder with 100MPa.

Figure C.2: Test case A mesh

Figure C.3 shows the resulting deformation for the different solvers at the last time step.
The graphs in Figure C.4 shows the Z-displacement on the nodes along a path going from
the center of the top surface of the bottom cylinder, to the outer edge of the cylinder.
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Figure C.3: Test case A displacements visualization (Abaqus / Ansys / Nastran)
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Figure C.4: Z-displacement, along path on top of bottom cylinder, from center to edge
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Test Case B

This test case is also based on a NAFEMS benchmark test case, the three bar problem
described in [57].

• Geometry

– Three bars with dimensions 10x10x100 (mm)
– Center to center spacing = 30mm

• Mesh

– Each bar composed of 80 elements (2x2x20)
– All elements are of type linear hexahedral

(Abaqus: C3D8R)

• Time step incrementation

– Automatic time stepping
– Max incr.: 100
– Initial incr. size: 0.01
– Min. incr. size: 1.0E − 5

– Max. incr. size: 0.01

• Material

– All bars: E = 210GPa and ν = 0.3

– Bar left: σyield = 200MPa

– Bar center: σyield = 300MPa

– Bar right: σyield = 400MPa

• Boundary conditions and load

– Nodes on top faces of bars are fixed in all trans-
lation degrees of freedom.

– Nodes on bottom faces of bars connected to ref-
erence point with linear equations.

– Forced displacement downwards on reference
point from 0 to 0.275mm

Figure C.5: Test case B

Solving the analyses, results in the first bar reaching yield at 200MPa, second at 300MPa,
and last at 400MPa. All three solvers agree on these results.
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Figure C.6: Test case B Von-Misses visualization, red = 400MPa, green = 300MPa, blue =
200MPa (Nastran / Abaqus / Ansys)
Test Case C
• Mesh

1000 shell elements of type S4R with thickness
0.175mm.

• Material

– E = 50GPa and ν = 0.3

– Multilinear plasticity model, as seen in Figure
C.8

Figure C.7: Test case C

• Time step incrementation

– Automatic time stepping
– Max incr.: 400
– Initial incr. size: 0.01
– Min. incr. size: 10−5

– Max. incr. size: 0.1

• Boundary conditions and load

– Nodes on one long side is fixed in X.
– Nodes on one short side is fixed all dofs.
– Forced displacement along one short side in

Y; from 0.0mm to −17.5mm to 17.5mm to
−17.5mm and back to 0.0mm.

• Contact interactions

– Three surface regions (as seen with colors on
Figure C.7) have self contact defined.

– Penalty friction formulation method with fric-
tion coefficient = 0.1 and elastic slip = 0.005

Figure C.9 shows a visualization of the resulting deformations in the three solvers.
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Figure C.8: Test case C, multilinear material model

Figure C.9: Test case C Von-Misses visualization (Abaqus / Nastran / Ansys)

Figure C.10 shows the von Mises stress and the plastic strain, on a path defined by the
center nodes along the long edge of the mesh, at the last time step of the analysis. The
results are following the same path, with the exceptions of some peaks. A detailed dis-
cussions of these differences is not included.

C.2 Contact Interaction
The first concept required by AP209 to support contact, is the definition of surface and
edge regions. In this chapter we focus on surface contact region, yet the same concepts
are applicable for edge regions.
AP209 supports the definitions of element groups, however, it does not relate the group
to any surface or edge identifier. We extended the entity element_group, by adding
the subtype element_aspect_group. The already existing data type element_aspect, can
represent the aspect of an element; edge, face, and volume. This new entity has an
attribute aspect which can hold an element_aspect value. With this, a surface region can
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Figure C.10: Von Mises stress and plastic strain

be represented by referencing a set of elements, and the face identification of the elements
belonging to the surface, for surface and volume elements.

element_group 1 – face 1

element_group 2 – face 2

element_group 3 – face 3

Figure C.11: Element groups and faces

The EXPRESS code in D.1, shows the definition of element_aspect_group. Note WR1, a
where rule, which upon model validation, will check that there is a consistency between
the element type and the selected aspect. For example, a face is not allowed on a 1D
element. The code of the function used in this where rule is left out for simplicity.
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1

2 ENTITY element_aspect_group
3 ABSTRACT SUPERTYPE OF(ONEOF(
4 volume_3d_element_aspect_group,
5 volume_2d_element_aspect_group,
6 surface_3d_element_aspect_group,
7 surface_2d_element_aspect_group
8 ))
9 SUBTYPE OF (element_group);

10 aspect : element_aspect;
11 WHERE
12 WR1 : consistent_elements_aspect(aspect, elements);
13 END_ENTITY;

Listing C.1: EXPRESS code of element_group

element_group is already a supertype of element specific groups; volume 3D, volume
2D, surface 3D, etc. These entities hold where rules that restricts the element types
allowed in the group. Additional entities were added, which inherits from both existing
element type groups, and the abstract supertype element_aspect_group. An abstract
entity, is an entity that is only allowed to be instantiated through one of its non-abstract
subtypes. Figure C.12 shows all new implemented entities.

GROUP

ELEMENT_GROUP

FEA_GROUP

VOLUME_3D_ELEMENT_GROUP

SURFACE_3D_ELEMENT_GROUP

ELEMENT_ASPECT_GROUP

CURVE_3D_ELEMENT_GROUP

abstract

VOLUME_3D_ELEMENT_ASPECT_GROUP

SURFACE_3D_ELEMENT_ASPECT_GROUP

VOLUME_2D_ELEMENT_GROUP

SURFACE_2D_ELEMENT_GROUP
CURVE_2D_ELEMENT_GROUP

VOLUME_2D_ELEMENT_ASPECT_GROUP

SURFACE_2D_ELEMENT_ASPECT_GROUP

Figure C.12: Element group entities (In blue; new entities)

Now, by using the element specific aspect groups entities, validation rules, if checked,
will ensure that the appropriate element types and element aspects are used.
To allow for a region with different face IDs across its belonging elements, multiple
groups can be defined, and related with the already existing entity element_group_
relationship.
Further, parameters for the contact interactions are required to be represented. In AP209,
the entity state_definition is used for everything that is load and boundary condition
related through a set of different subtypes. A natural place to add support for contact
interactions is as new subtypes of state_definition. Multiple subtypes were added to not
only support contact interaction, but also glue interaction, and potential other types of
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VOLUME_3D_ELEMENT_ASPECT_GROUP

ELEMENT_GROUP_RELATIONSHIP

VOLUME_3D_ELEMENT_ASPECT_GROUP

ELEMENT_GROUP_RELATIONSHIP

VOLUME_3D_ELEMENT_ASPECT_GROUP

Figure C.13: Instance diagram; Relating multiple sub-regions with different face IDs.

interactions between mesh regions. An entity fea_interaction was added as a subtype
of state_definition. Furthermore, a hierachy of new entities where added as subtypes of
fea_interaction, as seen Figure C.14.

STATE_DEFINITION

FEA_SURFACE_INTERACTION

FEA_SURFACE_TO_SURFACE_INTERACTION

FEA_SURFACE_SELF_CONTACT

FEA_SURFACE_TO_SURFACE_CONTACT

FEA_INTERACTION

FEA_EDGE_INTERACTION

FEA_SURFACE_TO_EDGE_INTERACTION FEA_EDGE_TO_EDGE_INTERACTION

FEA_CONTACT_DEFINITION

FEA_GLUE_DEFINITION

FEA_SURFACE_TO_EDGE_CONTACT

FEA_EDGE_TO_EDGE_CONTACT

FEA_SURFACE_TO_SURFACE_GLUE

FEA_SURFACE_TO_EDGE_GLUE

FEA_EDGE_TO_EDGE_GLUE

FEA_EDGE_SELF_CONTACT

Interaction type

Interaction region type

Figure C.14: Hierachy of new FEA interaction entities. Text colors are added for clarity

The fea_contact_definition and fea_glue_definition, are used to define an interaction as
contact or gluing. Possibly other interaction types could eventually be implemented in
the future, and follow the same structure. They hold no attributes, but are used to collect
the specific parameters describing the interaction properties used in the solver.
For each different type of region interaction; single surface, surface to surface, single
edge, edge to edge, and surface to edge, there exists an entity inheriting from fea_
interaction, allowing for both self interaction, and interaction across regions. fea_
surface_interaction and fea_edge_interaction has one attribute referencing one region
(fea_group) as a master region. The surface to surface, edge to edge, and surface to
edge, adds a second attribute, referencing a slave region. Each of these hold where rules
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which restrict the type of fea_group that may be referenced, and which element aspect
the groups have. For example, surface_interaction enforces a where rule which specifies
that the referenced fea_group, has to either be a subtype of element_aspect_group with
aspect set to a face, or a node_group (a surface can in certain solvers be defined by a set
of nodes).
The express code for the new entities can be found in Appendix D.

C.3 Nonlinear Materials
Support for nonlinear materials in AP209, is not documented, however, materials in
STEP are supported in a very generic way. There are specific entities and types for
linear material properties such as E-modulus, poisson ratio, density, and a few others.
These are specializations of generic material properties.
In this study, we didn’t attempt to cover all nonlinear material concepts, but focused on
two simple models; perfectly plastic, and multilinear material model.
Figure C.15 shows an example of instances specifying a FEA material. In this case, only
the E-modulus and poisson ratio are specified for the linear analysis.

Figure C.15: Instance structure specifying a linear material with E-modulus and poisson ratio

A FEA material in STEP is identified by the entity element_material. It collects one
or more material properties instance structures, which together defines the material
properties. For each property, a structure of fea_material_property_representation,
material_property, representation, and representation_item is needed. In the ex-
ample, the representation_item is a fea_linear_elasticity. For nonlinear material prop-
erties, such specialized entities do not exist, and the use of more generic entities are used.
For a simple perfectly plastic material model, we only need an additional property and
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value, specifying the yield strength. We recommend that this is done by a similar structure
as the above example, but set the value of the yield point in a measure_representation_
item, as seen in Figure C.16. The value is a stress value, and the name can be used
to specify this is a true stress value, as opposed to engineering stress, or other types
of stress. To identify the property as a yield point, the description attribute of the fea_
material_property_representation, or the name attribute can be used and set to the
string identifier Yield point.

Figure C.16: Instance structure specifying a yield point on a material.

For a multilinear model, which in FEA is commonly specified in a tabular form, still
needs to be specified as individual properties of the material. Multilinear models can be
specified in different forms, but in this case we use data points of true stress - true plastic
strain values. Each value is treated as properties to the associated material as seen in
Figure C.17
The values are identified by the same attribute as for the plasticity model, with the
string identifier Plasticity. This identifier is used, instead of specifying it as a
multilinear plasticity material model, because in the context of the
STEP data model, these values are only properties of the material, which can be used
to specify a multilinear material model by a system processing the data.
To identify the pairs of values, the entity property_definition_relationship is used.
These constructs for specifying data, which in FEA are relatively simple, become rather
complex in STEP. This is because STEP data models are intended for relating to mul-
tiple domains, and additional data can be associated to most entities. For example, each
fea_material_property_representation, has a dependent_environment attribute, which
can be used to specify the environment conditions under which the material values were
determined in. The representation of a physical test performed, which was used to estab-
lish the material model, could also be related to the values. In addition, documentation,
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Figure C.17: Instance structure specifying a multilinear material model.

pictures, and other metadata, could be attached using STEP data.
When AP209 is used for a simple translation of a single FEM analysis, all of this addi-
tional information is not required. However, in the context PLM and SDM, and storing
the data for long-term archiving, these features becomes crucial.



Appendix D

fea_interaction EXPRESS code

1

2 ENTITY fea_interaction
3 SUBTYPE OF (state_definition);
4 name : label;
5 description : OPTIONAL text;
6 END_ENTITY;
7

8 ENTITY fea_surface_interaction
9 SUBTYPE OF (fea_interaction);

10 master_face_region : fea_group;
11 (*WHERE:
12 Master region is ELEMENT_ASPECT_GROUP with
13 face type aspect or NODE_GROUP*)
14 END_ENTITY;
15

16 ENTITY fea_edge_interaction
17 SUBTYPE OF (fea_interaction);
18 master_edge_region : fea_group;
19 (*WHERE:
20 Master region is ELEMENT_ASPECT_GROUP with
21 edge type aspect or CURVE_3D_ELEMENT_GROUP or
22 CURVE_2D_ELEMENT_GROUP or NODE_GROUP*)
23 END_ENTITY;
24

25 ENTITY fea_surface_to_edge_interaction
26 SUBTYPE OF (fea_surface_interaction, fea_edge_interaction);
27 edge_region_is_master : BOOLEAN;
28 END_ENTITY;
29

30 ENTITY fea_surface_to_surface_interaction
31 SUBTYPE OF (fea_surface_interaction);
32 slave_face_region : fea_group;
33 (*WHERE:
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34 Slave region is ELEMENT_ASPECT_GROUP with
35 face type aspect or NODE_GROUP*)
36 END_ENTITY;
37

38 ENTITY fea_edge_to_edge_interaction
39 SUBTYPE OF (fea_edge_interaction);
40 slave_edge_region : fea_group;
41

42 (*WHERE:
43 Slave region is ELEMENT_ASPECT_GROUP with
44 edge type aspect or CURVE_3D_ELEMENT_GROUP or
45 CURVE_2D_ELEMENT_GROUP or NODE_GROUP*)
46 END_ENTITY;
47

48 ENTITY fea_contact_definition
49 ABSTRACT SUPERTYPE
50 SUBTYPE OF (fea_interaction);
51 --WHERE
52 -- WR1: restrict properties to contact properties;
53 END_ENTITY;
54

55 ENTITY fea_glue_definition
56 ABSTRACT SUPERTYPE
57 SUBTYPE OF (fea_interaction);
58

59 --WHERE
60 -- WR1: restrict properties to glue properties;
61 END_ENTITY;
62

63

64 ENTITY fea_surface_self_contact
65 SUBTYPE OF (fea_contact_definition, fea_surface_interaction);
66 END_ENTITY;
67

68 ENTITY fea_surface_to_surface_contact
69 SUBTYPE OF (fea_contact_definition, fea_surface_to_surface_interaction);
70 END_ENTITY;
71

72 ENTITY fea_surface_to_edge_contact
73 SUBTYPE OF (fea_contact_definition, fea_surface_to_edge_interaction);
74 END_ENTITY;
75

76 ENTITY fea_edge_to_edge_contact
77 SUBTYPE OF (fea_contact_definition, fea_edge_to_edge_interaction);
78 END_ENTITY;
79

80 ENTITY fea_surface_to_surface_gluing
81 SUBTYPE OF (fea_glue_definition, fea_surface_to_surface_interaction);
82 END_ENTITY;



157

83

84 ENTITY fea_surface_to_edge_gluing
85 SUBTYPE OF (fea_glue_definition, fea_surface_to_edge_interaction);
86 END_ENTITY;
87

88 ENTITY fea_edge_to_edge_gluing
89 SUBTYPE OF (fea_glue_definition, fea_edge_to_edge_interaction);
90 END_ENTITY;

Listing D.1: EXPRESS code for fea_interaction and its subtypes
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